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Summary
The functionality of an interface can be modified by polymer brushes. Out of the variety of
polymers which can be used to achieve this functional modification, the focus of this work
is on brushes of either polyacrylic acid (PAA) or poly(N,N-dimethylaminoethyl methacry-
late) (PDMAEMA). PAA brushes provide a soft interface that prevents the denaturation of
adsorbed proteins. PDMAEMA is known to respond to external stimuli. The lower critical
solution temperature (LCST) of PDMAEMA can be used to tune the hydrophobicity of the
interface with temperature. For the first time, the effect of elevated hydrostatic pressure, up
to 1000 bar, on the functionality of these systems is investigated.
Planar PAA and PDMAEMA brushes are prepared from precursor diblock copolymer Lang-
muir layers with varied grafting density σ utilizing the Langmuir-Schäfer transfer technique.
For the PAA brushes, neutron reflectivity (NR) measurements are conducted in the solvent-
swollen state at the solid-liquid interface after incubation in buffered D2O and after the ad-
sorption of bovine serum albumin (BSA) from the aqueous liquid phase at 1 bar and 900 bar.
From these measurements the detailed volume fraction profiles of the PAA brush ϕPAA(z)
and adsorbed BSA proteins ϕBSA(z) are extracted. The amount of adsorbed BSA is found to
scale linearly with grafting density. An elevated hydrostatic pressure of 900 bar is found to
have no impact on the structure of the PAA brush and its capability to bind BSA proteins.
The PDMAEMA brushes are investigated by NR at the solid-liquid interface in a tempera-
ture range of 20 to 60 ◦C for hydrostatic pressures from 1 to 1000 bar. A novel theoretical
model of the brush density profile as a function of σ , T and P is used to fit the experimen-
tal NR data. Increasing the temperature causes a continuous decrease of the polymer brush
thickness. The reason for this response is a hydrophobic coil to globule transition of the
polymer chains when crossing the LCST. Hydrostatic pressure is found to act antagonistic
to temperature. The hydrophobic collapse of the PDMAEMA brush that is caused by a tem-
perature increase of 10 K is counterbalanced by a pressure increase of 1000 bar. While the
value of the LCST of the polymer brush is found to decrease with the grafting density, the
antagonistic effect of hydrostatic pressure is not affected.

Zusammenfassung
Viele Polymere können bei Verankerung auf einer Oberfläche deren Funktionalität beein-
flussen. Der Schwerpunkt dieser Arbeit liegt auf der Untersuchung von Polymerbürsten aus
Polyacrylsäure (PAA) und Poly(N,N-dimethylaminoethyl methacrylat) (PDMAEMA). Auf
Oberflächen, die mit PAA Bürsten beschichtet sind, können Proteine adsorbieren, ohne im
immobilisierten Zustand zu denaturieren. Für PDMAEMA ist eine Reaktion auf externe Rei-
ze bekannt. So kann die untere kritische Lösungstemperatur (LCST) von PDMAEMA zur
Einstellung der Hydrophobizität von Oberflächen verwendet werden. Erstmalig im Rahmen
dieser Arbeit wurde untersucht, wie sich hydrostatischer Druck von bis zu 1000 bar auf die
Funktionalität der verwendeten Polymerbürsten auswirkt.
Aus Diblock-Kopolymeren wurden Langmuir-Filme unterschiedlicher Ankerdichte σ mit
der Langmuir-Schäfer Technik auf feste Substrate übertragen. Die Funktionalität der so prä-
parierten PAA Bürsten wurde vor und nach der Adsorption von Rinderserumalbumin (BSA)
in gepufferter D2O-Lösung mit Hilfe der Neutronenreflektometrie (NR) bei 1 bar und 900 bar
an der fest-flüssig Grenzfläche untersucht. Es wurden Volumenfraktionsprofile der PAA
Bürste und adsorbierten BSA extrahiert, woraus sich eine lineare Abhängigkeit zwischen
Ankerdichte und Menge an adsorbiertem Protein feststellen ließ. Erhöhung des hydrostati-
schen Druckes auf 900 bar veränderte weder die Volumenprofile der PAA Bürsten noch die
Immobilisierung von BSA.
Die PDMAEMA Bürsten wurden mittels NR bei Temperaturen von 20-60 ◦C und hydrosta-
tischen Drücken von 1-1000 bar untersucht. Zur Analyse der Daten in Abhängigkeit der Pa-
rameter σ , T und P wurde ein neuartiges Dichteprofil-Modell verwendet. Mit Erhöhung der
Temperatur wurde eine stetige Abnahme der Bürstendicke gefunden. Dies lässt sich durch
den LCST induzierten Phasenübergang der Polymere vom hydrophilen in einen hydropho-
ben Zustand erklären. Es wurde gefunden, dass eine Erhöhung des hydrostatischen Druckes
diesem Prozess entgegenwirkt. Strukturänderungen der Polymerbürsten bei Erhöhung der
Temperatur um 10 K ließen sich durch Erhöhung des Druckes um 1000 bar rückgängig ma-
chen. Während für höhere Ankerdichten eine Senkung der LCST festgestellt wurde, ist der
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CHAPTER 1
Introduction
Polymer brushes are formed when long polymers are fixed at one end to a surface [1, 2].
At sufficient density the single polymer random coil conformations overlap and the poly-
mer chains stretch away from the grafting interface. As any polymer system, dependent on
their chemical architecture, polymer brushes can respond to external stimuli like changes in
temperature [3, 4], pH [5, 6] or the ionic strength of the surrounding medium [7, 8] by a
subsequent re-organization of the polymer chains within the brush [9]. The term responsive
brush is reserved for systems in which strong and reversible changes in film thickness and
polymer re-organization occur and for which this switching process can be repeated many
times. Also a change of the conformation often results in modified interactions with the sur-
rounding medium. An example is the pH controlled switching of the wetting behavior [10,
11]. Of special interest is also the interaction with bio-molecules with applications ranging
from protein resistivity [12], to over selective binding [13], to the controlled release of drugs
for carrier systems [14].
Most current applications of responsive polymer brushes utilize the external stimuli temper-
ature, pH and ionic strength. Nothing is yet reported on the response of polymer brushes to
elevated hydrostatic pressure. At first sight hydrostatic pressure does not appear to play a
big part in everyday life, but there are numerous fields with huge impact. More than 70 %
of the earth is covered by oceans with deep sea pressures of more than 1000 bar. Pressure
affects proteins, lipids and membranes [15–18]. High pressure is used in food production for
sterilization and conservation [19]. Polymer surface coatings are used to lubricate artificial
joints, where for a knee replacement pressures up to 600 bar can occur [20, 21]. Additional
information of pressure effects on biological structures and applications can be found in a
recent review by Rivalain et al. [22].
Current knowledge of the effect of elevated hydrostatic pressure on polymer conformations
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is mainly based on bulk systems [23–27]. Some information is available on microgels [28–
30], but conformational pressure effects on solid supported inhomogeneous polymer brush
coatings are completely unexplored. To examine these structures, a surface sensitive method
is needed. Neutron and x-ray reflectometry can probe the laterally averaged density profile
across the interface with Å-resolution. For the analysis of polymer brushes at a solid-liquid
interface, neutron reflectometry (NR) is the method of choice. In principle x-rays are also
capable of probing buried solid-liquid interfaces, but high intensities and high photon ener-
gies are needed to probe the interface through water [31]. These conditions can be realized
at synchrotron radiation sources but beam damage is always a limiting factor. Neutrons will
not lead to the problem of beam damage and, due to the transparency of Si crystals, are
able to reach the solid-liquid interface through the substrates without severe loss of intensity.
The recent success in building neutron reflectometry solid-liquid sample environments for
hydrostatic pressures up to 2500 bar now allows scientists to probe the response of polymer
brushes in the high pressure region [32–34].
This thesis starts with a short theoretical introduction to polymer brushes in Chapter 2 and the
experimental details of sample preparation and characterization techniques in Chapter 3. The
Langmuir-Schäfer transfer (Chapter 3.2.3) was utilized to prepare well-defined planar poly-
acrylic acid (PAA) and poly(N,N-dimethylaminoethyl methacrylate) (PDMAEMA) polymer
brushes. These samples were characterized by x-ray and neutron reflectometry. The most
important part of this work were neutron reflectometry measurements, using the Heidelberg
high pressure cell [32], which made it possible to explore the response of planar polymer
brushes to hydrostatic pressures up to 1000 bar.
In Chapter 4, first, pressure effects on pure polyelectrolyte PAA brushes are analyzed. As
an additional subject, the second part of Chapter 4 elucidates whether an elevated hydro-
static pressure of 900 bar affects the adsorption of bovine serum albumin (BSA). It is known
that hydrostatic pressure can change the structure of proteins and act to disfavor hydropho-
bic and electrostatic interactions that cause protein aggregation [35, 36], but no information
is available on adsorption processes. The adsorption of BSA to PAA brushes was chosen
as a standard model system for protein adsorption to polyelectrolyte brushes [14, 37–49].
PAA brushes provide a soft micro-environment for adsorbed proteins or enzymes preserving
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structure and functionality of the immobilized species [37, 38, 50, 51]. If needed, a con-
trolled release of immobilized bio-molecules is possible with the screening of electrostatic
interactions at an increased ionic strength of the subphase [14, 41].
The results on PDMAEMA brushes are presented and discussed in Chapter 5. PDMAEMA
exhibits a tunable (pH, molecular weight, conformation) lower critical solution temperature
(LCST) in the range of 14− 80◦C in aqueous solution that comes along with a reversible
swelling in water [4, 52, 53]. The polymer adopts a random coil structure below the LCST
but forms a more collapsed globular structure above this temperature. Dehydration of the
hydrophobic moieties is considered to be the major driving force for the observed coil-to-
globule transition. For chemically different polymers, which also exhibit an LCST, pressure
applications to isotropic bulk systems showed a significant swelling at elevated pressure, in
particular close to the LCST, and below a threshold pressure of about 1000 bar [23–27, 29,
54]. In this regime, pressure P was found to act antagonistically to temperature T with a
growth of the LCST with pressure in the T (P) phase space [23–27, 54].
This work, using a PDMAEMA polymer brush, will elucidate how these observations trans-
fer to the unknown pressure-response of an anisotropic polymer brush structure. To achieve
this, NR measurements were performed at temperatures in the range of 20− 60◦C and hy-
drostatic pressures up to 1000 bar (Chapter 5.1). A new local cavity density functional theory
(LC-DFT) (Chapter 2.3) was used for an analytical fit of the polymer brush density profile.
It is argued that in the low pressure regime (. 1000 bar), hydrophobic interaction governs
the polymer pressure response [23, 26, 54]. In fact, in 1959 Kauzmann surmised that in hy-
drophobic assemblies, cavities void of solvent have a large contribution to the partial molar
volume that couples to external pressure [55]. Explicit-water computer simulations demon-
strate that pressure swells polymers primarily by pushing solvent into solvent-inaccessible
cavity regions [56–58], created by hydrophobic association. Based on this cavity idea, Kato
introduced a volume-dependent free energy expression to successfully describe pressure ef-
fects on the LCST of hydrogels [26]. These ideas will now be used for spatially-varying,
inhomogeneous polymer brushes. First it will be shown that the LC-DFT gives a thermo-
dynamically consistent description of the brush structure with varying temperature, includ-
ing the occurrence of a vertical phase separation above the LCST. It will be unequivocally
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demonstrated that temperature and pressure effects on the detailed brush structure are per-
fectly antagonistic: structural changes of a temperature increase of 1 Kelvin is exactly can-
celed by a pressure increase of ∼ 100 bar.
CHAPTER 2
Theory of polymer brushes
In 1953 Flory introduced a model to describe the conformational behavior of free polymers
in a solvent by the free energy balance of two opposing effects.[59] The maximized con-
figuration entropy gained from random walks of the polymer chains favors dense polymer
structures, and is opposed by the osmotic pressure from polymer-solvent contacts in a good




with the Kuhn or monomer length a and degree of polymerization N.
Long chain polymers can be chemically or physically attached by one end to a surface or
interface. This confinement results in a conformational behavior, quite different when com-
pared to that of free polymers. An important factor is the interaction of the polymer with the
interface (Figure 2.1). For strong attractive interactions, the polymer adopts a flat confor-
mation. For weak or no interactions the polymer, fixed to the interface, is in the coil-like or
mushroom state. A repulsive interactions repels the polymer from the interface and can lead
to the formation of a depletion layer.
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Figure 2.1: Conformation of grafted polymers for variate interaction with the interface - left:
attractive interaction (pancake); middle: no or weak interaction (mushroom); right:
repulsive interaction (depletion layer).
In the case of dp >RF, the grafted polymers are separated and do not interfere with each other
(mushroom regime). With increasing grafting density the polymer surface packing is reach-
ing a point where dp ≤ RF. Further reduction of dp results in polymer packing constraints
and the polymer chains are obliged to stretch away from the interface (polymer brush) up to
H RF (Figure 2.2).
 grafting density 
Figure 2.2: Conformation of surface anchored polymers with increasing grafting density.
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2.1 Neutral brushes
Based on Flory’s theory of free polymers in a solvent [59], Alexander and de Gennes pre-
sented the first theoretical model for neutral polymer brushes [60–62]. They calculated the
reduction in configuration entropy from results for an ideal random walk of the polymer. To
expand the work of Flory for free polymers, they postulated that the end-to-end distance of
the grafted polymer covers a distance H from the grafting surface to the outer edge of the
brush. This confinement resulted in a scaling prediction for the brush height H, which grows
directly proportional to the degree of polymerization N. Thus the brush height H ∝ N grows
much faster than the average Flory end-to-end distance RF ∝ N
3
5 of the free polymer. In
this simple model no detailed information is given on the shape of the brush. All grafted
polymers are stretched equally at a constant brush volume fraction density ϕ(z), leading to
a block-type density profile.
The Alexander- de Gennes model was further improved by Milner et al. [63, 64]. They took
into account that the polymer chain free ends are not confined to the brush height H, but can
be located at any distance from the interface. The result of their analytical self-consistent
field (SCF) calculation is a parabolic shaped density profile ϕ(z). The shape depends on
the solvent quality for the brush polymers. In a good solvent, the brush is in a swollen state
and will collapse when transferred to a bad solvent. The collapse is gradual for a continuous
change of the solvent quality.
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2.2 Charged brushes
Polyelectrolyte (PE) brushes consisting of charged polymers can exhibit physical properties
fundamentally different from that of uncharged brushes [2]. The charge causes additional
electrostatic interactions that dominate the brush structure and properties. Charged polymer
segments can interact with the substrate and mutual repulsion strongly influences the inter-
action between the polymers. The strengths of these interactions is modified by external
parameters of the surrounding medium. Counterions can screen electrostatic interactions,
and if confined at high concentration inside the brush, add an additional osmotic pressure.
This is especially important for strong (quenched) polyelectrolytes, where the number and
position of charges on the chain is fixed. In the case of weak (annealed) polyelectrolytes
brushes, the charges are not fixed and the average degree of dissociation depends on the pH
value of the contacting aqueous phase.
In the last two decades, starting with Pincus [65], analytical and numerical SCF calculations
have improved the theoretical understanding of PE brushes. The outcome of these simu-
lations were complex phase diagrams with more diversified brush structures depending on
chain length, ionic strength and grafting density of the respective systems. For example in the
case of weak polyelectrolyte brushes, Gaussian shaped density profiles at low ionic strength
and the parabolic form in the uncharged limit at high salt concentrations are theoretically
predicted [66–68].
A more detailed overview of theoretical studies on the structure and properties of charged
and neutral polymer brushes can be found in several review articles [1, 2, 9, 69, 70].
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2.3 Stimuli responsive polymer brushes
Polymer brushes respond to their environment with a change of the polymer chain con-
formations [9]. A rearrangement of the polymer chains affects the density profile of the
brush. In cooperation with Prof. Dr. Joachim Dzubiella (Humboldt Universität Berlin,
Helmholtz-Zentrum Berlin), a new analytical LC-DFT model for the polymer density profile
of stimuli responsive polymer brushes has been developed [71]. The analytical description
of the brush density profile allows one to correlate the response of the structure of the
polymer brush to changes of thermodynamically relevant parameters.
Within the standard Flory approach, all responses of polymers to temperature or pressure
are condensed into the Flory interaction parameter χ(T,P) [59]. The latter describes the
ratio of mean field polymer-polymer to polymer-solvent interactions. At θ -conditions
(χ = 0.5) all interactions cancel each other and the polymer adopts an ideal, non-interacting,
conformation. When anchored at one end to an interface the ideal density distribution of a
polymer brush is the starting point of the new theory. Instead of using the Flory interaction
parameter χ , effective monomer-monomer interactions are included with a mean-field virial
correction to the ideal brush density profile. The effect of elevated hydrostatic pressure is
included with a separated correction, based on the theory of solvent-inaccessible cavities.












The polymer chains adopt a conformation cm(z), that minimizes the Gibbs free energy G[cm]
of the brush:
G[cm] = F0[cm]+Fexc[cm]+PV [cm] (2.6)
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F0 is the entropic energy of the ideal brush, Fexc describes monomer interactions, P is the
hydrostatic pressure, and V is the monomer and solvent accessible volume.



































Theoretical SCF calculations for non-interacting or very weakly interacting brushes have
always led to a Gaussian decay of the density profile for intermediate to large distances
z & H0 [69, 72, 73]. Directly at the grafting interface most theoretical simulations suffer
from boundary effects that shift the maximum density away from the grafting point.
Also important are the interactions with the grafting interface that cause considerable
modifications of the profile for small z [73]. To describe the data of a complex experimental
system, a heuristic approach is needed. Thus, all effects and interactions of the grafting
interface are absorbed into the effective parameter H0 of an assumed Gaussian profile.
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d3r (e−V (r)−1) (2.12)
where V (r) is the effective pair potential. Typically, the B2 coefficient is on the order of the
monomer size
|B2| ∼ vm (2.13)
and strongly dependent on the temperature T . For B2 = 0 the brush is in a θ -solvent-like
condition. In a good solvent (B2 > 0), monomer interactions are less favored and the poly-
mers try to avoid contacts. This is realized by a swelling of the brush. Under poor solvent
conditions the monomer interaction is overall attractive with B2 < 0 and the ideal brush col-
lapses. A complete collapse of the brush is typically prevented by hard-core packing effects
between the monomers. These effects are included in the 3rd virial coefficient which is on
the order of
B3 ' v2m > 0 (2.14)
The T -dependence of packing effects is typically small and thus B3 is expected to be con-
stant. Figure 2.3 shows simulated profiles in order to demonstrate how the virial expansions
affects the brush under different solvent conditions.
Changing the pressure couples to the solvent accessible volume in the polymer brush system
[26]. Recent computer simulations showed that pressure denatures proteins dominantly by
pushing solvent into solvent-inaccessible cavity regions, presumably created by hydropho-
bic association [56–58]. This effect is transferred to the polymer brush system. In θ -
to moderately poor solvent conditions, small clusters of aggregating chains are likely to
be present. In those clusters, hydrophobic interactions create solvent-inaccessible cavities
(SIC) that are influenced by hydrostatic pressure. For a SIC volume VSIC the correction
PV [cm] = P(Vtot−VSIC)[cm] is applied to the inhomogeneous brush via



















ideal brush  
θ-solvent:  
good solvent:  
bad solvent: 
B2/vm = 0 
B2/vm = 5 
B2/vm = -5
Figure 2.3: Simulated volume fraction profiles for H0 = 100Å and σ = 0.2nm. The ideal brush,
without monomer interactions, is represented by a purely Gaussian profile (black).
Including the hard-core packing effects via the third virial coefficient B3 = 10 for
hard spheres, the brush is swelling and adopts a volume fraction profile that is
expected for θ -conditions (blue). The quality of the solvent influences the effective
monomer interactions, represented by the second virial coefficient B2. The brush is








where pSIC(cm) is the probability to find two polymer segments at contact forming a SIC
volume v0. Close to θ -conditions the more unlikely clusters of more than two segments are
to be neglected. The cavity volume v0 should then be on the order of
v0 ' vm > 0 (2.16)
as it reflects the cavity volume between a few segment monomers. For a pair of n particles
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d pSIC ' g(a)c2mvmdv (2.18)
given a local (homogeneous) density cm = n/v. At moderately poor to θ -conditions the
contact value of the pair correlation function g(a) is approximated by
g(a)' 1 (2.19)
Gathering all terms of the Gibbs free energy (equation 2.6), the minimization δG/δcm(z)






which has to be self-consistently solved under the normalization condition defined by the
grafting density (equation 2.10).
The parameters H0, B2(T ), B3 and v0 are fitting parameters to describe the experimental
polymer brush density profile. A temperature dependence should only be reliant on B2.
Both, the pressure P and the B2 term are linear in cm(z). Thus effectively the pressure
term just corrects the effective interaction between monomers. The fact that P and v0 are
always > 0 will effectively always lead to more repulsion between monomers at elevated
hydrostatic pressure.












thus having always a parabolic character for small z and a Gaussian decay for large z. SCF-
motivated but empirical profiles of the sum of a parabolic profile plus a Gaussian tail have
historically led to satisfactory fits of neutron scattering data in good solvents [74, 75]. The
advantage of the current approach is that temperature and pressure effects are separately






The substrates for the reflectivity experiments were polished silicon wafers with surface
rms roughness < 6 Å. For neutron reflectometry disc-shaped silicon substrates (60mm in
diameter and 10mm in height) were supplied by Siliciumbearbeitung Holm (Tann/Ndb.,
Germany). Preliminary X-ray reflectivity measurements were performed on smaller wafers
(20 mm x 20 mm). The latter were cut from bigger wafers (150mm in diameter and 0.625mm
in height, <100> orientation), bought from CrysTec GmbH (Berlin, Germany).
Before use, all substrates were cleaned for 30 minutes in ethanol and subsequently rinsed
with ultra-pure water. During the rinsing process there was no adherence of water, thus
pointing to a hydrophobic surface. Before second use, all substrates were cleaned and re-
polished (Siliciumbearbeitung Holm; Tann/Ndb., Germany).
Polymers
Perdeuterated polystyrene (dPS) was purchased from Polymer Standard Service (Mainz,
Germany - MW 65400; PDI 1.02) and from Polymer Source (Montreal, Canada - MW 60000;
PDI 1.10). Diblock copolymer polystyrene41 - b - poly acrylic acid271 (PS-PAA; MW 23800;
PDI 1.09) and perdeuterated polystyrene49 - b - poly acrylic acid222 (dPS-PAA; MW 21500;
PDI 1.13) were bought from Polymer Source (Montreal, Canada). Diblock copoly-
mer perdeuterated polystyrene32 - b - poly 2-(dimethylamino) ethyl methacrylate113 (dPS-
PDMAEMA; MW 21000; PDI 1.17) was synthesized and provided by André Gröschel and
Axel Müller, University of Bayreuth [76]. All polymers were used as received.
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Proteins
Bovine serum albumin (BSA; catalog number A-6003) was bought from Sigma-Aldrich and
used without further purification.
Solvents
Ultra pure Water (H2O) was obtained by using a Milli-Q purification system (Merck Milli-
pore; resistance > 18.2 MOhm·cm). D2O (>99 %), and all other organic solvents (absolute
puriss. p.a.) were from Sigma-Aldrich. Before use, D2O was degassed in an evacuated
desiccator to minimize the probability of bubble formation at the solid-liquid interface for
increased temperature or upon reduction of elevated hydrostatic pressure back to ambient
conditions.
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3.2 Sample preparation techniques
3.2.1 Diblock-copolymer Langmuir layers
The polymer brushes were prepared using the Langmuir-Schäfer transfer of free floating
precursor Langmuir layers from amphiphilic diblock copolymers to silicon substrates, pre-
spincoated with perdeuterated polystyrene (dPS). The advantage of this grafting to approach
is that the polydispersity of the brush depends on the polydispersity (PDI) of the diblock
copolymer (PDI 1.13 for dPS-PAA and PDI 1.17 for dPS-PDMAEMA). The polymer brush
grafting density is adjusted by varying the surface density of the precursor Langmuir layer.
3.2.2 Spin coating
Spin coating is a technique to prepare thin and uniform films on flat solid substrates [77].
For the case of thin polymer films the polymer is dissolved in a volatile solvent. An excess
amount of the solution is deposited on the substrate which is then rotated at high speed to
spread the solvent by centrifugal force. Only a small layer of the solution remains and the
solvent subsequently evaporates to leave a uniform thin polymer layer. The thickness of the
layer depends on the polymer concentration and the rotational speed.
To prepare a dPS layer with a thickness of 15-30 nm, 6 mg/ml dPS were dissolved in toluene
and spincoated (spincoater Model 6708D, SCS, US) at a speed of 3000-4000 revolutions per
minute for 60 s. The rotational symmetry of the circular wafers guaranteed a homogenous
coating. After the spincoating process, the dPS layer was annealed for 20 min at 130◦C
above the glass transition of polystyrene (≈ 100◦C) in an desiccator filled with argon. The
resulting layers were optical homogenous and X-ray measurements in the center and at the
boundary showed a layer thickness variation of only ≈ 2.5 % (Figure 3.1).

















dPS top 275 Å  
dPS mid 282 Å  
dPS bottom 275 Å
Figure 3.1: X-ray reflectivity data to evaluate the homogeneity of a spincoated dPS layer, pre-
pared on disc-shaped substrate with a diameter of 60 mm. The data were measured
in the center of the sample and 20 mm above and below the center with a beam
width of 8 mm.
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3.2.3 Langmuir-Schäfer transfer
The Langmuir-Schäfer transfer is variant of the familiar Langmuir-Blodget transfer [78].
A free floating Langmuir monolayer on a water surface is transferred to a flat sample by
horizontally dipping the substrate on the water surface (Fig. 3.2). If the layer sticks to the
substrate it can be removed with the sample. Perfect transfer is achieved if the polymer
surface loss area on the water divided by the surface area of the sample equals unity. The
polymer surface loss area at the transfer is accompanied by a drop in the surface pressure and
is determined upon reducing the available area for the remaining polymers of the floating
Langmuir layer until the value of the surface pressure before the transfer is regained.
A specific example is given in Figure 4.1 (Chapter 4.2) for the preparation of PAA brushes.
air 
water 
Figure 3.2: Schematic Langmuir-Schäfer transfer of an amphiphilic block copolymer, prepared
as a free floating precursor Langmuir layer with defined surface density at the air-
water interface of a Langmuir trough.
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3.3 Sample characterization - Reflectivity
Neutron and X-ray reflectometry are analytical scattering techniques to probe laterally aver-
aged density profiles across an interface. The following section includes brief introductions
to the theory of reflectometry, analytical techniques and principle designs of reflectometry
instruments [79, 80].
3.3.1 Single interface
A scattering process is defined by the momentum transfer ~Q = ~kr−~ki. In the case of specular
reflectivity from stratified media, the angle of reflection with respect to the scattering plane
θr equals the angle of the incoming beam with respect to the interface, θi:
θ = θi = θr (3.1)
For elastic scattering, |k| = |ki| = |kr| = 2π/λ , this results in a momentum transfer normal
to the scattering plane:







Figure 3.3: Scattering process at an interface. The scattering vector ~Q is defined as the dif-
ference between the scattered and the incoming wave-vector ~Q = ~kr−~ki. For an
elastic, specular process θi = θr, the scattering vector ~Q = Qz is normal to the xy-
scattering interface.
X-ray and neutron reflectivity are defined as the reflected intensity Ir(Q), normalized on the
intensity of the incoming beam I0. The resulting reflectivity





depends on the scattering length density, SLD, of the scattering media. The SLD is encoded
in the refractive index n






where µ is the linear adsorption coefficient, which can be neglected in this work. The SLD
is different for neutrons and X-rays because neutrons interact with the nuclei and X-rays
interact with the electron density ρe of the sample.
The neutron SLD is defined by the sum over M atoms with the coherent scattering length bi








Due to the interaction with the nucleus, the SLD changes for different isotopes of the same
element [81]. The most prominent example is the hydrogen (bH =−3.406 fm) to deuterium
(bD = 6.671 fm) contrast. It can be used to label and visualize hydrogen containing parts of
a sample by deuterium isotope exchange.
Exemplary neutron SLD’s are [81]:
SLDair = 0
SLDSi = 2.07 ·10−6Å
−2






Isotope exchange does not affect X-ray scattering. The X-ray SLD is defined as:
SLDX-ray = reρe (3.6)
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where re = 2.81 fm is the classical radius of the electron.
So far, only the reflected wave ~kr with reflectivity R(Q) was discussed. Parts of the incoming
plane wave ki can also be transmitted into the second medium. Due to conservation of energy
the intensity T of the transmitted wave is T = 1−R. The angle of the transmitted wave with
respect to the scattering plane, θ ′, is described by Snell’s law:





Typically, 1−n = δ ' O(10−5) and θ ' O(1◦), leading to the following approximations:




n · (n−n′)≈ n−n′ (3.10)
sinθ ≈ θ (3.11)




For the scattering at an interface to an optical thinner medium n′ < n a critical angle θc is





⇒ θ 2c = 2(n−n′) = 2(δ ′−δ ) (3.14)
⇒ Q2c = 16π(SLD′−SLD) (3.15)
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In the region θ < θc all incoming intensity is reflected and R(Q < Qc) = 1. For θ > θc the
reflectivity R = rr? is given by Fresnel’s law:
r =
nsinθ −n′ sinθ ′
nsinθ +n′ sinθ ′
(3.16)
The usual experimental parameter is the angle of incidence, θ . Using Snell’s law, equation




n′2−n2 +n2 sin2 θ
nsinθ +
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2(δ −δ ′)+n2 sin2 θ
nsinθ +
√
2(δ −δ ′)+n2 sin2 θ














For Q Qc (after expansion of 3.18 with Q+
√
Q2−Q2c) the Fresnel-reflectivity from a









To illustrate the impact of SLD differences, ∆SLD, Figure 3.4 shows simulated neutron re-
flectivity data for four interfaces (air-Si, Si-air, air-H2O, air-D2O). A region of total reflection
R = 1 is only visible for ∆SLD = SLD′−SLD > 0. This is given for the scattering at the
interfaces air-Si (∆SLDair-Si = 2.07) and air-D2O (∆SLDair-D2O = 6.36). As expected from
equation 3.15, the critical edge Qc shifts to higher Q with an increase of ∆SLD. At high Q
the reflectivity of all interfaces follows the Q−4 power law decay (equation 3.20). The rela-
tive height of R(Q) depends on the absolute difference |∆SLD|. There is no difference in the
high Q reflectivity for the scattering from an air-Si interface compared to a Si-air interface.
An important implication of equation 3.20 is that the reflectivity is not sensitive to absolute


















Figure 3.4: Simulated neutron reflectivity for several common interfaces.
values of the SLD but only on differences ∆SLD. To quantitatively evaluate reflectivity data,









Figure 3.5: Schematic scattering process for a single layer. Inside the layer multiple reflections
need to be taken into account to calculate the reflectivity.
A planar substrate coated with a single layer (Figure 3.5) consists of two interfaces (0-1;1-2)
where neutrons or X-rays can be reflected and transmitted. The superposition of both
reflected waves is constructive or destructive and is the reason for Kiesig oscillations in the
reflectivity (Figure 3.6). In the kinematic limit θ > 3θc, the length of one oscillation ∆Q in

















Figure 3.6: Reflectivity of a single dPS layer on a Si substrate.
reciprocal space is indirectly proportional to the thickness d of the coated layer in real space
[79].
Using Bragg’s law
2d sinθ = nλ (3.21)





For the calculation of the reflectivity from a single layer multiple reflections have to be taken
into account (Figure 3.5). After the reflection r12 from the second interface, the incident
wave is transmitted t10 and reflected r10 from the first interface. Each time the wave passes
the layer, a phase factor p = exp(ik1d) is needed. All contributions to the reflectivity add up
to:
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r01 + r12 p2
1+ r10r12 p2
(3.23)
In the last part of the derivation, the relations r10 = −r01 and t10t01− r10r01 = 1 were used.
Finally the reflectivity R calculates to:




1+ r10r212 +2r10r12 cos(2k1d)
(3.24)






Note, that R(Q) is invariant to a commutation of (SLD1−SLD0) with (SLD2−SLD1). To
identify a unique profile, either SLD variations or additional constraints (density, thickness,
...) are needed.
3.3.2.1 Interface roughness
A real surface or interface most likely exhibit a certain roughness Σ. According to Névot
and Croce [82], a graded interface n(z) ∝ erf(z) can be described by the modified Fresnel-
coefficients
rrough = r exp(−2kk′Σ2) (3.26)
To ensure correct calculation of the reflectivity, the roughness should not exceed 1/3 of the
thickness of adjacent layers.
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3.3.3 Multiple layers
Most real samples consist of more than one layer or exhibit a continuously changing SLD









Figure 3.7: Schematic scattering process for a multi layer. Similar to the calculation of the
reflectivity for a single layer, inside each layer multiple reflections need to be taken
into account.
3.3.3.1 Parratts recursive formalism
The Parratt-formalism [83] is a recursive algorithm to calculate the reflectivity from a sample
consisting of N layers with finite thickness between an infinite fronting and backing (Figure
3.7). Equation 3.23 can be generalized to the reflectivity of layer (N) and layer N−1:
r′N−1,N =







r′N−1,N includes the internal reflections at the interfaces between layer (N− 1) and layer N
and between layer N and layer (N +1). Further reflectivities are given by the recursion:
r′N−2,N−1 =
rN,N−1 + r′N−1,N exp(2ikN−1dN−1)
1+ rN−2,N−1rN−1,N exp(2ikN−1dN−1)
(3.29)
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This formalism can be resumed until r0,1. The recursion arises from the fact that due to infi-
nite thickness of the backing, none of the transmitted intensity is reflected back to the sample
layers.
Roughness between the layers is included using the modification to the reflectivity as de-
scribed in equation 3.26.
3.3.3.2 Abeles transfer matrix method
Parratts recursive algorithm delivers an exact calculation of the reflectivity for a layered
structure including multiple reflections. A mathematical equivalent, but computationally
faster approach is given by the optical transfer matrix formalism, developed by Abeles [84].
Based on the linearity of the equation for the propagation of light, a plane wave traveling
through a structure of N homogenous layers of finite thickness dn can be described by the










where cn is the characteristic transfer matrix for layer n, including the reflection and trans-
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3.3.4 Reflectivity instruments
The reflectivity R is a function of the scattering vector Q. Under specular conditions:




For most reflectivity instruments a variation of the scattering vector is realized either via a
beam of constant wavelength λ while scanning the angle of incidence θ (monochromatic) or
vice versa (time-of-flight). In the following, a short introduction to both types of instruments
is given.
For detailed information on the instrument that were used in this work please refer to section
A.3 of the appendix.
3.3.4.1 Monochromatic
A monochromatic instrument uses a well defined constant wavelength λ and the reflectivity
is measured as a function of the incident angle θ . This setup is realized for most X-ray reflec-
tometers and some neutron reflectometers at reactor based neutron sources with a continuous
neutron flux. Wavelength and resolution are set by a monochromator and thus in most cases
are not tunable. An example for a monochromatic neutron reflectometer is the instrument
V6 at the Helmholtz-Zentrum Berlin [85].
3.3.4.2 Time-of-flight
At time-of-flight (TOF) reflectometers the incident angle θ is held constant and the reflec-
tivity is measured as a function of the wavelength λ . For the evaluation of the wavelength,







⇒ v = h
mnλ
(3.34)
cold neutrons with a wavelength of 5 Å move with a speed of ≈ 800 m/s. The time a cold
neutron needs to cover a distance of several meters is in the order of milliseconds. This
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time-of-flight over a defined distance is a precisely measurable parameter to determine the
neutron wavelength. In a TOF reflectometer like Bioref at the Helmholtz-Zentrum Berlin
[86] a chopper system creates a pulsed white beam of neutrons with a well characterized
wavelength spectrum. Knowing the starting point and starting time, the wavelengths λ of
the reflected neutrons are encoded in their time-of-flight to the detector.
The advantage of a TOF reflectometer over to a monochromatic one is the simultaneous
measurement of a broad Q-region instead of only one point in Q at a time. The wavelength
resolution is set by the shape of the neutron pulse and can be modified with the chopper
system (speed, position) to the requirements of the experiments. By relaxing the resolution,
the neutron flux is increased and the time for a measurement can be reduced.
3.3.5 Data analysis
3.3.5.1 Box-model
In general, neutron reflectivity data can be well described and analyzed using an arbitrary
box or layer model for the SLD profile SLD(z) with i boxes or layers of thickness di. Includ-
ing roughness Σi between adjacent layers, each box i has up to three (neglecting adsorption)
independent fitting parameters (di, SLDi, Σi). All interesting physical parameters of the mea-
sured system have to be extracted from the fitted SLD profile SLD(z).
The box-model was used for the X-ray sample characterization and the analysis of the neu-
tron reflectivity for the PAA brush system.
3.3.5.2 Analytical model
It is always possible to fit reflectivity data with an arbitrary box-model that in most cases
results in a good but not necessarily a unique SLD profile. If known, input from physical
constraints can be used to restrict unlike fits and improve the reliability of the result. The
best way to include these constraints is an analytical description of the measured system
using parameters that are directly correlated to relevant physical properties (mass, shape,
thickness, ...). If such a model exists, the SLD profile is described by an analytical function
of physical parameters that are used as variables during the fitting process instead of
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arbitrary box parameters. Thus, a good analytical description can also drastically reduce the
number of fitting parameters.
For the explicit calculation of the reflectivity with Abeles transfer matrix formalism, the pro-
file still has to be transferred into a box-like model. In this case however, the box parameters
are not arbitrary, but a function of the analytical description.
In cooperation with Prof. Dr. Joachim Dzubiella, from the Soft Matter Theory group at the
Helmholtz-Zentrum Berlin, a thermodynamically consistent density functional theory was
used to describe the density profiles of stimuli responsive polymer brushes. The details of
this theoretical model are given in Chapter 2.3.
The analytical description has been used to fit the neutron reflectivity data of the PDMAEMA
brushes (Chapter 5.3). It was possible to directly transfer the fitted model parameters to
structural and thermodynamic relevant properties of the brush.
3.3.6 The NR SLD model for solvent swollen polymer brushes
The reflectivity of a sample is defined by its SLD profile. A characteristic neutron reflectom-
etry SLD profile for the samples in this work is shown in Figure 3.8.
The SLD profile can be divided in four parts. The first part z < 0 depicts the Si substrate,
the last part the D2O subphase. Both parts are modeled with infinite thickness on atomic
length scales. Sandwiched between substrate and subphase are the dPS sublayer and the
polymer brush. The dPS sublayer is modeled by a box of thickness ddPS = z0, SLDdPS
and roughness of the Si substrate ΣSi. The the polymer brush region is characterized by an
inhomogeneous SLD profile composed of a SLD mixture of the polymer brush SLDbrush
with the D2O subphase SLDD2O. The values of all basic SLD’s of this work are gathered in
Table 3.1.
To calculate the reflectivity of the polymer brush, this part of the SLD profile is divided in
n layers of equidistant thickness dbrush. The SLDbrush(z) in each layer is connected to the
volume fraction ϕ(z) of the respective polymer brush in the D2O subphase via
SLDbrush(z) = ϕ(z) ·SLDpolymer +(1−ϕ(z)) ·SLDD2O (3.35)













distance from Si substrate z [Å]
Si dPS brush + D2O D2O
analytical model  
box model
Figure 3.8: Exemplary scattering length density profiles SLD(z) used for fitting the NR data
of a PDMAEMA brush (sample S1) at 20 ◦C. The sharp interface at z0 = 185Å is
defined by the chemical bonds between the dPS and PDMEAMA blocks and is the
starting point z̃ = z− z0 for plots of the analytical polymer brush volume fraction
profile ϕ(z̃).
The thickness of the dPS sublayer z0 depends on the sample preparation. For a sample
independent comparison of the polymer volume fraction profiles ϕ(z), all respective plots
are shifted by z0 to achieve a consistent start, z− z0 = z̃ = 0, of the polymer brush volume
fraction profile
ϕ(z̃) = ϕ(z− z0) (3.36)
Table 3.1: Summary of all basic scattering length densities used in this work [81, 87].
Substance SLD [10−6 Å−2]
Si 2.07
D2O (20
◦C, 1 bar) 6.36
dPS (1 bar) 6.4
PAA 2.34
PDMAEMA 0.8
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3.4 Neutron reflectometry sample environment
(a) NR high pressure cell @1000 bar (b) Top view of open NR high pressure cell
Figure 3.9: Heidelberg high pressure cell for neutron reflectometry mounted to the sample stage
at FIGARO (ILL).
For the NR measurements two sample cells were used. Experiments at elevated hydrostatic
pressure were facilitated with the Heidelberg high pressure cell for neutron reflectometry
(Figure 3.9). It was the first available cell for neutron reflectometry where a hydrostatic
pressure up to 1000 bar could be applied. A detailed description of this cell is published by
Kreuzer et al. [32]. Briefly, the main body consists of stainless steel and hosts disk-shaped
silicon substrates with a diameter of 60 mm and height of 10 mm. The neutron optical
windows are made from sapphire to withstand the pressure and provide high transparency
for neutrons [88]. The solvent volume in the cell is 55 ml. The pressure is generated using
a manual syringe pump and H2O as hydraulic fluid. A separation piston cell, mounted
between the pressure generation system and the high-pressure cell, reliably separates the
sample fluid from the hydraulic fluid. An independent closed water circuit through the
outer shell of the cylindrical main body of the cell, connected to an external water bath,
enables temperature control in a range from 5 to 60 ◦C. When changing the temperature of
the external water bath, an equilibration time of 30 min is needed to reach the desired target
temperature, which is measured by a PT100 thermocouple within a tolerance of 0.2 K.
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For temperature dependent measurements exclusively at ambient pressure a simple solid-
liquid sample flow cell has been used (Figure 3.10). Here, the wafer is sandwiched between
two thermostatic aluminum plates and a Teflon trough for the liquid subphase. The design
was adapted for disk-shaped substrates from an earlier version of the flow cell [89]. The
sample temperature is also controlled by a water-thermostat and measured by a PT100 ther-
mocouple placed in the Teflon container underneath the liquid subphase. Changes to the
temperature of the temperature stabilizing water bath (JULABO) required an equilibration
time of 10 min.
Figure 3.10: NR sample cell mounted to the sample position at the EROS reflectometer (LLB).
For both cells the incident neutron beam assesses the solid-aqueous interface through the
solid silicon backing (Figure 3.11).
D O2
Si
Figure 3.11: Schematic view of the neutron beam through the silicon substrate, reflected at the
solid liquid interface.
CHAPTER 4
PAA brushes and proteins - response to
elevated hydrostatic pressure
4.1 Outline of experiments
This chapter deals with the adsorption of bovine serum albumin (BSA) to planar polyacrylic
acid (PAA) brushes of varied grafting density σPAA as studied by neutron reflectivity (NR).
The PAA brushes were prepared by a Langmuir-Schäfer based grafting of perdeuterated
poly(styrene)-b-poly(acrylic acid) block copolymer (dPS-PAA) to dPS pre-coated silicon
supports and characterized in their collapsed state at the air-solid interface by X-ray reflec-
tometry (Chapter 4.2). In their solvent-swollen state, NR measurements were conducted
at the solid-liquid interface after incubation in buffered D2O and after the adsorption of
BSA from the aqueous liquid phase. From these measurements, detailed volume fraction
profiles of the solvent swollen brush ϕPAA(z) and the adsorbed BSA ϕBSA(z) proteins were
obtained. The impact of elevated hydrostatic pressure of 900 bar on the brushes with and
without protein uptake was studied, utilizing the Heidelberg high pressure cell for neutron
reflectometry [32].
An overview of the samples, investigated by NR at the AMOR time-of-flight reflectometer
at SINQ/PSI [90], is given in Table 4.1. Detailed instrumental setup and raw data reduction
are given in appendix A.3.2.1.
For all samples A1-A3, at first, the neutron reflectivity of the pure PAA brush was measured
in a 10 mM MES D2O buffered subphase, set to pD 6.1. Second, the hydrostatic pressure
was increased to 900 bar to analyze the pressure response of the PAA brush. Third, the
pressure was relaxed back to ambient conditions and the reflectivity was measured again to
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check for reversibility. After the characterization of the pure PAA brushes, the samples were
incubated ex-situ in a 0.5 mg/ml BSA solution for 30 min, followed by subsequent rinsing
with the pure D2O buffer. With the BSA adsorbed to the PAA brush, the samples were
remounted to the sample cell and analyzed in a similar pressure sequence of 1 bar, 900 bar
and 1 bar. For temperature stability, the sample environment was connected to a water bath
at 20 ◦C.
Details on chemicals, preparation techniques, sample environment and sample characteriza-
tion are given in Chapter 3.
Table 4.1: Sample overview
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4.2 Preparation of PAA brushes
The preparation of the PAA brushes utilized the LS transfer (Chapter 3.2.3) of free floating
dPS-PAA block copolymer precursor layers with defined grafting densities to dPS pre spin-
coated Si substrates.
The amphiphilic diblock-co-polymer dPS49-PAA222 was first dissolved for 2 days at 60 ◦C
in dioxane, after which toluene was added to obtain a solution of 1 mg / ml in a 60 % dioxane
and 40 % toluene mixture [91]. A defined amount of the solution was spread on the surface
of a 10 mM MES buffer subphase in a Langmuir trough (R&K) using a Hamilton syringe.
The pH of the buffer was adjusted to 6.1 using NaOH. With movable barriers at a compres-
sion of 0.6 cm2/s the grafting density of the dPS-PAA monolayer for samples A1-A3 was
adjusted to values of A1: σ1 = 0.05nm−2, A2: σ2 = 0.1nm−2 and A3: σ3 = 0.2nm−2 and
transferred to the dPS coated Si substrate utilizing the Langmuir-Schäfer technique (Chapter
3.2.3). During the preparation, the surface pressure was monitored with a Wilhelmy plate
(Figure 4.1).


























Figure 4.1: Surface pressure - area isotherm of free floating dPS-PAA monolayers at 20 ◦C and
subphase pH of 6.1. Langmuir-Schäfer transfer of the monolayers to dPS-precoated
silicon wafers at three different grafting densities is indicated by concurrent drops
of the surface pressure in the isotherm.
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Analysis of the surface loss area lead to an averaged transfer ratio of 1.3± 0.1. Following
the brush transfer, the samples were exposed to a second annealing at 120◦C for 15 min.
Success of the preparation was confirmed by X-ray reflectometry measurements (Figure 4.2)
at the solid-air interface of the coated silicon supports before and after the transfer of the
dPS-PAA brushes, with the samples in a dried state. From the SLD profiles in the bottom










SLD′(z) and SLD′′(z) are the SLD profiles across the solid-air interface before and after
transfer of the dPS-PAA brush, respectively, Z = 11572 is the total number of electrons for
one dPS49-PAA222 polymer molecule and re = 2.82 · 10−15 m is the classical radius of the
electron.
The extracted grafting densities are summarized in Table 4.2. The values measured after
the transfer of the brush and the second annealing step were found to be a factor of two
higher than expected. This can be explained by the fact that with the transfer of the PAA
brush a small film of excess water is attached to the substrate. This water evaporates in the
following annealing steps but any dissolved MES buffer salt remains on the samples. By
a subsequent extensive rinsing with ultra-pure water, remaining buffer and any nonfixed
polymer was removed. The results of the consequent X-ray reflectometry measurements are
summarized in the last row of Table 4.2.
Table 4.2: Extracted grafting densities σ from X-ray reflectometry measurements of the sam-
ples A1-A3 in the dried state before and after the final rinsing with ultra-pure water.
Sample
grafting density σ [nm−2]
prepared transferred annealed rinsed
A1 0.05 0.065±0.005 0.13±0.01 -
A2 0.10 0.13±0.01 0.22±0.02 0.081±0.008
A3 0.20 0.26±0.02 - 0.110±0.010

































distance from interface [Å]
dPS Si
dPS
dPS/dPS-PAA after LS transfer  
dPS/dPS-PAA after rinsing
Figure 4.2: X-ray reflectivity and fits (top) and extracted SLD profiles (bottom) of sample A2,
grafted at σLB = 0.1nm−2.
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4.3 Description of PAA brushes - the box model
A polymer brush is formed by the attachment of long polymer chains at one end to an in-
terface. When exposed to a solvent, the free ends of the polymer are stretched into the
subphase. The conformation is controlled by polymer-polymer and polymer-solvent inter-
actions, as well as interactions with the grafting interface. Due to confinement, the polymer
chains adopt an inhomogeneous volume fraction profile, ϕ(z), normal to the grafting plane
[64]. The latter is analyzed by neutron reflectivity. To calculate the reflectivity, the inhomo-
geneous profile is described by a stack of multiple layers (Chapter 3.3.3). In the SLD profile
each layer is represented by a box with the parameters thickness, SLD and roughness to the
adjacent layers.
A standard approach for describing polymer brushes is a model with boxes of fixed thickness
and roughness. In this model, the reflectivity is fitted by a variation in the number of strata
and the SLD for each stratum [40, 46]. It is also possible to fix the number of boxes and fit
thickness, SLD and roughness [92].
In this work, the PAA brushes, grafted on a dPS sublayer, are modeled as follows: The
dPS sublayer is represented by a box of thickness z0 as extracted from the precursor X-ray
sample characterization (Chapter 4.2). Exclusively at the Si-dPS interface, roughness was
incorporated to model the small SiO2 layer and deviations of the dPS thickness, caused by
the spincoating preparation process (Figure 3.1). The profile of the PAA brush was divided
into layers, each with 20 Å thickness and no inter-layer roughness. The reciprocal width of
the chosen slices is twice the the maximum momentum transfer, Qmax, probed experimen-
tally and avoids artificial interferences in the calculated reflectivity curves used for fitting.
The required number of strata, representing the PAA brush, are determined in the fitting
process. The SLD of PAA was calculated to SLDPAA = 2.34 · 10−6 Å−2 at an acrylic acid
monomer mass density of 1.051 g/cm3 [87] and the hydrogen of the acid group exchanged
by deuterium in contact with the D2O liquid fronting phase. The SLD’s of all substances in
this work are summarized in Table 4.3
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Table 4.3: SLD values for the box model describing the planar PAA brushes in D2O, grafted on
a dPS sublayer [81, 87].





Starting at the grafting plane z̃ = z− z0 = 0, the value of the scattering length density of any
given slice of 20 Å thickness of the solvent-swollen PAA brush in D2O is compiled from the
binary mixture of PAA and D2O in that layer.
SLDbrush(z̃) = ϕ(z̃) ·SLDPAA +(1−ϕ(z̃)) ·SLDD2O (4.2)
For the analysis of the reflectivity the Motofit package based on Abeles transfer matrix
method was employed [84, 93, 94].
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4.4 Results















Figure 4.3: NR data and fits for the PAA brushes of samples A1-A3. For visualization, respec-
tive data are separated by factors of 10.
Figure 4.3 shows NR data and fits for PAA brushes (A1-A3), grafted on a dPS sublayer, at
ambient pressure conditions. The subphase is buffered D2O. The NR data for all samples
exhibit characteristic Kiesig oscillations. The width of these oscillations depends on the
thickness of the dPS sublayer. The SLD of dPS (6.4 ·10−6 Å−2) and D2O (6.36 ·10−6 Å−2)
are nearly perfectly matched. Thus, the shape and height of the Kiesig oscillations are
related to the conformation of the protonated PAA brush (SLDPAA = 2.34 ·10−6 Å−2).
Figure 4.4 shows the extracted SLD profiles for the PAA brushes, utilizing the box model as
described in Chapter 4.3. The extracted SLD profiles of the pure PAA brushes directly yield























Figure 4.4: Extracted SLD profiles of solvent-swollen brushes A1-A3.




















brush thickness z [nm]
Figure 4.5: Extracted PAA brush volume fraction profiles for samples A1-A3. To improve the
visualization of the brush profile, fitted Gaussian peak functions (solid lines) were
added to the data.
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The extracted PAA brush volume fraction profiles ϕPAA(z̃) in Figure 4.5 exhibit a character-
istic Gaussian shape. To improve the visualization of this presumption, the discrete experi-





The extracted parameters are gathered in Table 4.4. At the grafting interface (z̃ = z−z0 = 0),
the PAA brush profiles feature a maximum volume fraction of ϕ0 ≈ 60± 5%, independent








Where vPAA = 115.4Å3 is the acrylic acid monomer volume and N = 222 the degree of
polymerization [87]. For a Gaussian profile with a constant maximum volume fraction
ϕ0 ≈ 60±5% an increasing grafting density is directly related to an increasing thickness ω
of the PAA brush.
Table 4.4: Parameters that describe the volume fraction density profile of the PAA brush by a
Gaussian peak function (Equation 4.4)
sample σ [nm−2] ϕ0 ω [nm]
A1 0.070±0.007 0.62±0.06 2.3±0.1
A2 0.082±0.008 0.56±0.06 2.9±0.2
A3 0.106±0.010 0.60±0.06 3.5±0.2
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A3 900bar
Figure 4.6: NR data for the PAA brushes of samples A1-A3 at 1 and 900 bar. Exemplary fits
are added for the NR data of sample A3. For visualization, respective data are
separated by factors of 10.
The response of planar PAA brushes to elevated hydrostatic pressure has been examined
after the measurements at ambient condition. Figure 4.6 shows the NR data and exemplary
fits for sample A3. Increasing the hydrostatic pressure to 900 bar caused a small change of
the reflectivity signal. Those changes proved to be fully reversible after pressure relaxation
back to ambient conditions.
Two differences in the reflectivity signals at 1 bar and 900 bar are directly visible. First,
the total reflection edge is shifted to higher Q-values. This is due to the compression of
the D2O solvent. The SLD of D2O increased from SLDD2O(1bar) = 6.36 · 10
−6Å−2 to
SLDD2O(900bar) = 6.57 · 10
−6Å−2 and thus shifted the critical angle to higher values
(equation 3.15). The second small difference is a shift of the minima positions of the
Fresnel oscillations. These positions are related to the total thickness of all layers on the
substrate. Here, the main contribution is the thickness of the dPS sublayer. At 1000 bar,
bulk polystyrene is compressed by ≈ 2− 2.5% [95, 96]. The respective reduction of the
dPS sublayer thickness at an elevated hydrostatic pressure of 900 bar thus yields the shift of
the minima positions of ∆Q/Q≈ 2%.
















A3 1bar  
A3 900bar
Figure 4.7: SLD profiles for sample A3 at 1 and 900 bar.
The compressibility of D2O and polystyrene are well described physical parameters that
were used to modify the fitted SLD profiles for all samples at 1 bar to match the conditions
at 900 bar. Figure 4.7 displays exemplary the modification for sample A3. The SLD of D2O
increased to 6.57 ·10−6Å−2, the SLD for dPS increased from 6.4 ·10−6Å−2 to 6.53 ·10−6Å−2
and the thickness of the dPS sublayer was reduced by 2 %. Without further adjustment to the
structure of the PAA brush, these modifications to the SLD profile resulted in a calculated
reflectivity that fits the measured data as shown for sample A3 in Figure 4.6.
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Figure 4.8: NR data and fits for the PAA brushes A1-A3 before and after the adsorption of BSA
proteins. For visualization, respective data are separated by factors of 10.
Figure 4.8 shows the change of the NR data and fits after the adsorption of BSA to the
PAA brushes. The differences are more distinct compared to the changes of the PAA brush
at elevated hydrostatic pressure. The shift of the Kiesig oscillations to lower Q-values is
related to an increase of the brush thickness. This is a direct indication of the successful
binding of BSA proteins to the PAA brush.
The extracted SLD profiles are displayed in Figure 4.9. When BSA adsorbs into the PAA
brush, D2O inside the brush is replaced by protein [40, 46]. The neutron SLD of BSA,
SLDBSA = 3.19 · 10−6 Å−2 [97], is lower than that of D2O, SLDD2O = 6.36 · 10
−6 Å−2, re-
sulting in a decreased SLD of the respective slab in the box model (Figure 4.9).





















Figure 4.9: SLD profiles of the PAA brushes A1-A3 before and after the adsorption of
BSA proteins. For visualization, respective SLD data are separated by values of
2 ·10−6 Å−2.
Integration over the difference of the SLD profiles before and after adsorption of BSA yields









where SLD(z̃) and SLD?(z̃) are the extracted SLD profiles before and after protein adsorp-
tion, M = 66267 g/mol is the molar mass and V = 48574 cm3/mol (80660 Å3/molecule)
is the molar volume of BSA [97]. The calculated amount of adsorbed protein per surface
area for the three measured grafting densities is shown in Figure 4.10. A linear correlation




























grafting density σ [nm-2]
Figure 4.10: Adsorbed amount of BSA per surface area for samples A1-A3. Note the linear
correlation of ΓBSA and σ .
The difference of the SLD profiles before and after adsorption also provides information on
the spatial distribution of adsorbed BSA. For the explicit calculation of the BSA volume frac-
tion profile further assumptions concerning the PAA brush after completion of the adsorption
process have to be made. The extended analysis in that respect is part of the discussion in
Chapter 4.5.2.
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Figure 4.11: NR data from the PAA brushes A1-A3 after adsorption of BSA at 1 and 900 bar.
For visualization, respective data are separated by factors of 10.
Figure 4.11 shows the NR data at 1 and 900 bar for the PAA brushes (A1-A3) after the
adsorption of BSA proteins. The changes of the reflectivity are comparable to the results
obtained from the pure PAA brush at 900 bar (Chapter 4.4.2). All changes of the reflectivity
are fully explained by the compression of the dPS sublayer and the D2O solvent. The profiles
of the BSA containing PAA brushes are not affected by an elevated hydrostatic pressure of
900 bar. In conclusion, elevated hydrostatic pressure does not affect the binding of BSA.
4.5. Discussion 51
4.5 Discussion
4.5.1 Planar PAA brushes
The extracted volume fraction profiles of the PAA brushes, Figure 4.5, exhibit a characteristic
Gaussian shape with a maximum volume fraction ϕ0 ≈ 60% at the grafting plane. The
Gaussian polymer brush conformation is in line with theoretical SCF calculations [68, 69,
73] and experimental results from NR [74, 75]. For dPS-PAA brush systems, as prepared
in this work, NR data is available on samples utilizing the same preparation technique and
comparable block copolymers [50]. Hollmann et al. extracted density profiles that featured
a maximum volume fraction ϕ0 ≈ 45% at a distance of z̃ ≈ 5nm away from the grafting
plane. For higher distances a comparable Gaussian like decay of the brush density was
found. The differing results for the brush volume fraction near the grafting plane in this
work and the publication by Hollmann et al., might arise from utilizing different substrates.
Hollmann et al. worked with rectangular silicon blocks (80 x 50 x 15 mm3). Spincoating of
polymers on non rotation-symmetric substrates produces visibly increased layer thicknesses
at the edges. A pre-characterization of the samples with X-ray reflectometry only probes
the homogeneous center of the substrate. In contrast, the footprint of NR measurements
covers nearly the whole sample and thus a variation of thickness of the dPS sublayer at the
sides of the samples contributes to the specular reflectivity in the same way as roughness at
the grafting plane between dPS and PAA would do. This effect might explain the extracted
volume fraction profiles as published by Hollmann et al., where the maximum brush density
is shifted away from the expected grafting plane. In this work, the substrates were changed to
rotation-symmetric circular silicon disks to achieve more uniform spincoated dPS sublayer.
The improved homogeneous coating resulted in well defined dPS-PAA grafting interfaces
with sharp transitions between dPS and PAA.
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Experimental PAA brush profiles compared to theoretical results
Polymer brushes of PAA belong to the class of weak annealed polyelectrolyte brushes.
Hence, the diagram of states of such systems as derived by Zhulina and Borisov [68] should
apply to the system experimentally investigated here. For comparison of experimental and
theoretical results, the physical parameters of the PAA brushes were transferred into the re-
duced dimensionless parameter space of Zhulina and Borisov, with the relation between the





VAA ≈ 0.115nm3 is the monomer volume of an acrylic acid monomer at a mass density







The chains are grafted to the interface with the grafting density σ = 1/s, where s is the
grafting area per chain. For an experimentally extracted σ ≈ 0.1nm−2, s ≈ 10nm2. The
ionic strength of a 10 mM monovalent MES buffer at pH 6.1 is Cs≈ 5 mM. The concentration
of hydrogen CH+ , here the concentration of deuterium ions CD+ ≈ 8 · 10−7 mol/l, is set by
the pD = 6.1 of the D2O buffer. The dissociation constant Ka of the PAA monomer unit is
given by its pKa value. The value for free acrylic acid monomers is pKa = 4.35 [98]. For
polymerized acrylic acid the pKa shifts to higher values depending on salt concentration
and degree of polymerization [99]. For the experimental values used in this work, the pKa
approximately equals the pD value of the buffer solution, thus Ka ≈ 8 ·10−7 moll . The degree
of ionization αb ≈ 0.5 of an acidic group of the free PAA polymer in a buffered solution is







The physical properties can now be transformed to dimensionless parameters as defined by
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Zhulina and Borisov (equation 38-41 of reference [68]), namely
reduced distance:

























With the experimentally specified set (b≈ 0.015nm−1, ν ≈ 6630, u≈ 9.6 ·10−3, Φ≈ 6250)
the PAA brush is located in the osmotic annealing regime of the Zhulina-Borisov diagram
of states. In this regime, both polymer density and electrostatic potential vary substantially
throughout the brush. The degree of ionization α(z̃) also varies and the value α(0) at
the grafting point differs significantly from the value α(H) ≈ αb for the chain ends,
stretched into the buffer solvent. The theoretically calculated density profiles for a brush
in the osmotic annealing regime exhibit a characteristic Gaussian shape, which in fact
compares well with the experimental results. Explicit calculation, using the derived reduced
parameters, produces a theoretical brush with a density profile 4-5 times more stretched than
the experimental one (Figure 4.12). To match the calculated profile with the experimental
one, the degree of ionization of the PAA brush in its buffer solvent has to be reduced to
αb ≈ 0.1 which is reached at a pD ≈ 5.2. This is in contradiction to the experimentally
adjusted value of pD 6.1.
















theoretical profile @ pH 6.1 
theoretical profile @ pH 5.2
Figure 4.12: Reduced experimental density profiles for samples A1-A3 compared to theoretical
profiles calculated with the analytical PB-SCF model by Zhulina and Borisov [68]
for two buffer pH values.
A trivial experimental explanation for the discrepancy might be an error in the measurement
of the pH value. The difference of ∆pD = 0.9 is more than the typical error of a glass elec-
trode (±0.1), but a malfunction of the instrument due to prior treatment can not be excluded
completely.
On the theoretical side it must to noted, that the approximations in self consistent field theory
are only eligible for very long polymer chains (N→ ∞). The limited lengths of the polymer
chains of the experimental PAA brush might cause the different results. An important aspect
here are boundary effects, not included in the theoretical calculations. No attractive or re-
pulsive forces with respect to the interface were taken into consideration in the latter case.
Those however can strongly influence the shape of the brush profile [73].
The dPS sublayer exhibits a hydrophobic interface. NR studies on the solid-liquid dPS/D2O
interface revealed a D2O depletion layer with a thickness of 2-5 nm [100]. In this work,
the dense PAA layer with a thickness of ≈2-4 nm might act as a screening layer between
the hydrophobic dPS sublayer and the D2O solvent. This confinement could produce a car-
pet layer that prevents further stretching of the PAA brush. For higher grafting densities or
longer polymer chains such high density screening layers (carpet layers) have been observed
experimentally and are found to remain at a constant thickness [101]. In a good solvent the
4.5. Discussion 55
additional polymer material, which is not needed to screen the hydrophobic interface, creates
the undisturbed stretched polymer brush part [101–103]. In conclusion of this work, the de-
gree of polymerization N = 222 of the PAA polymers and the grafting density σ ≈ 0.1nm−2
are not large enough to create more than a dense screening layer. This screening layer has a
Gaussian shape with chain ends partly stretched into the D2O solvent.
Electrostatic properties of the PAA brush
Key to the understanding of the adsorption of proteins is the knowledge of the electrostatic
properties of the polyelectrolyte brushes. A characteristic of weak polyelectrolyte brushes in
the osmotic annealed regime is the inhomogeneous ionization α(z̃) of the monomers along
the brush, normal to the grafting plane (z-direction). The high monomer density within the
brush results in a local suppression of charges. The relative PAA monomer charge profile
α(z̃) can be calculated by applying the local electroneutrality approximation (LEA) in com-




















Utilizing the Donnan Potential in eq. 4.14, the relative monomer charge profile α(z̃) can
be solved self consistently. An exemplary result for sample A3 is shown in Figure 4.13
(top). The charge ratio of the acidic groups is highly suppressed at the grafting plane. For a
volume fraction density ϕ0 ≈ 60 % (Table 4.4) at the grafting point only ≈ 3% of the acidic
monomers are dissociated. Thus, the effective pD inside the brush is also reduced when
compared to the equilibrium value of the buffer solution. The minimum effective pD within
the brush is ≈ 4.6.









































Figure 4.13: Analytical Gaussian monomer density profile cm(z̃) for sample A3 together with
the self consistently solved relative monomer charge profile α(z̃) (top) and coun-
terion distribution cs(z̃) (bottom).
With decreasing monomer density, i.e. moving away from the grafting plane, the relative
charged fraction of monomers is increasing to finally reach the value αb = 0.5 of the free
polymer at pD 6.1. In the LEA the sum of all positive charges equals the sum of all negative
charges on a local scale. In this approximation the local counterion concentration cs(z̃) in
the brush equals the local density of charged monomers α(z̃) · cm(z̃) (Figure 4.13, bottom
panel). Despite the suppression of charges, the counterion concentration at the grafting point
is increased by a factor of 8 as compared to the buffer solution, simply due to the enrichment
of acrylic acid monomers. The increased concentration of counterions inside the brush is
an important feature in the interpretation of the adsorption of BSA at the wrong side of the
isoelectric point (IEP) [40, 104].
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4.5.2 Protein adsorption
PAA polyelectrolyte brushes are net negatively charged in the buffer solution at adjusted pD
6.1. The experimental IEP for BSA is in the range of 4.7-5 [105] resulting in a similarly
net negative protein charge. Working against electrostatic repulsion, BSA adsorbs into the
PAA brush on the wrong side of the IEP [39, 40, 43, 46–49], as also observed in this work.
A reasonable explanation is given by an entropically driven process based on the release of
confined counterions in the adsorption process [39, 40, 104].
A second reason for the adsorption of BSA to the osmotic annealed PAA brush is the reduced
effective pD inside the brush. Resultant charge regulation also affects the electrical properties
of the BSA protein. The minimum effective pD of 4.6 inside the brush is below the IEP of
BSA. The impact on the protein is a neutralization and thus a reduced effective electrostatic
repulsion. Even an inversion of the protein charge seems possible [47, 106, 107].
Counterion release and charge regulation both contribute to the overall adsorption process.
As long as the ion concentration in the brush is substantially higher than the equilibrium
concentration in the buffer solution and the protein exhibits patches of positive and negative
charges, there is an entropic component to the adsorption based on the release of counterions
[108]. In the osmotic annealed regime, charge regulation causes a reduced effective pD inside
the brush compared to the buffered value. Thus, protein neutralization or charge inversion
are also reasonable factors for the adsorption process.
Integral amount of adsorbed BSA
Figure 4.10 showed the integral amount Γ of BSA adsorbed on planar PAA brushes as a
function of grafting density σ . With increasing σ , more proteins were found to bind to the
PAA brush. This result can be explained by the increasing number of binding sites with
increasing brush thickness, consistent with the results by de Vos et al. [47].
The extracted values of Γ = 2.4 to 5.6mg/m2 are comparable to values reported for similar
planar PAA brushes [46, 47]. At pD = 6 and σ = 0.1nm−2 Hollmann et al. extracted
Γ = 1.4mg/m2 for a 10 times lower concentration of BSA (0.05 mg/ml in buffer solution).
A reduced amount of bound BSA for a lower concentration of dissolved BSA is in line with
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the results from parametric studies concerning this issue [39, 47]. In conclusion, the overall
results for the integral amount of adsorbed BSA proteins Γ to planar PAA brushes in this
work are consistent with literature.
In the following, the discussion on the spatial distribution of bound BSA with respect to the
PAA brush conformation will give further insight in the adsorption process.
Spatial distribution of BSA inside planar PAA brushes
The information on the integral amount of adsorbed proteins to polymer brushes is available
using lab methods such as ultra-filtration for spherical polyelectrolyte brushes [39] or optical
reflectometry [47] and surface plasmon resonance spectroscopy [48] for planar brushes. The
advantage utilizing NR is the information on the spatial distribution of bound proteins inside
the polymer brush. In this work however, with only one D2O/H2O contrast, it was not
possible to directly distinguish the z̃-resolved mixing ratio of BSA, PAA and D2O. The
profile for one of the components had to be fixed by an initial presumption. The first intuitive
assumption is that there is no conformational change of the PAA brush upon loading with
BSA [40]. In the case of a conserved PAA brush, the z̃-resolved BSA volume fraction profile





The isolated profiles are shown in Figure 4.14. Within the absolute error of the calculated
values, the assumption of a conserved PAA brush results in a small negative adsorbed amount
of protein close to the anchoring plane of the brush. This result may hint to a stretching of
the PAA brush with the adsorption process. An assumed stretching of the PAA brush profile
also changes the BSA volume fraction profile. This leads to a second model with a stretched
PAA brush.
First, the results for the conserved PAA brushes will be discussed (Figure 4.14), followed by



















 = 0.082 nm-2
 = 3.7 ± 0.4 mg/m2
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 = 0.106 nm-2
 = 5.4 ± 0.5 mg/m2
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Figure 4.14: Volume fraction profiles of the conserved PAA brush and adsorbed BSA for sam-
ples A1-A3 with increasing grafting density. Smoothed lines were added to guide
the eye.
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Conserved PAA brush
The PAA brush adopts a very dense structure with PAA volume fractions ϕ > 50% in the
first 2 nm slab, near the grafting interface to the dPS sublayer. Dense polymer brushes are
known to be resistant to protein adsorption [109]. Compared to the brush, BSA is a relatively
big molecule (Figure 4.15) with dimensions in the range of 6-8 nm [97, 110, 111].
≈ 6-8 nm
Figure 4.15: Heart shaped structure of serum albumin proteins, from RCSB Protein Data Base
[112].
Figure 4.16: Schematic PAA and BSA volume fraction profile for the conserved PAA brush
model based on the analysis of sample A1 (see also Figures 4.5 and 4.14).
Large proteins can approach the surface only by compression of the polymer brush. The
free energy penalty, associated with further compression and compaction of the brush, favors
adsorption of the protein at the outer surface of the brush [109]. The extracted protein volume
fraction profiles of Figure 4.14 directly support this model. Especially for the lowest grafting
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density σ = 0.07nm−2 (A1), the volume fraction profile of adsorbed BSA describes the
adsorption of a BSA monolayer on top of the dense part of the PAA brush (Figure 4.16).
The diluted Gaussian PAA chain ends provide a soft environment for the adsorbed protein,
while the dense PAA inner layer screens the hydrophobic dPS sublayer and thus also helps
to preserve the native protein structure [37, 38].
Stretched PAA brush
If the brush is stretched during the adsorption process, an assumption has to be made to
describe the resultant PAA brush profile. A simple model is the linear stretching of the PAA
brush by a factor depending on the differences of the rms thickness of the brush before and




















Figure 4.17: SLD profiles of the PAA brushes A1-A3 before (solid lines) and after (dashed
lines) the adsorption of BSA. The SLD values for sample A2 and A3 are shifted by
−2 ·10−6 Å−2 and −4 ·10−6 Å−2, respectively, to avoid overlapping. The vertical
bars denote the position of the respective rms thickness that were used to calculate
a stretching factor for the PAA brush with bound BSA proteins.
A mean stretching factor of 1.9± 0.2 was extracted, resulting in a brush that is extended
to nearly twice its original length upon adsorption of BSA. The specific modification was
applied to the Gaussian fits of the PAA brush profiles with the respective stretching factor
calculated individually for each sample A1-A3. Figure 4.18 shows the resulting profiles and




































Figure 4.18: Volume fraction profiles of stretched PAA brushes and adsorbed BSA with in-
creasing grafting density. Smoothed lines were added to guide the eye.
also includes the modified results for BSA. The density profiles of adsorbed BSA follow the
density of the PAA brush. A non-zero volume fraction of the BSA is found directly at the
grafting interface to the dPS sublayer.
Comparison of conserved and stretched PAA brush model after protein adsorption
Figures 4.14 and 4.17 show the volume fraction profiles of PAA and BSA after the
adsorption process for the assumptions of conserved and stretched PAA brushes. The
main difference of both models is the adsorption of BSA either on top of the dense PAA
screening layer for the conserved PAA brush or the penetration of BSA into this layer down
to the dPS grafting plane in case of the stretched PAA brush. Purely based on the available
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experimental data both models are valid to describe the adsorption of BSA. In the case
of the conserved brush, the non-physical negative amount of adsorbed BSA can be set to
zero within the absolute error of the determined value. The adsorption on top of the dense
PAA screening layer is consistent with the protein resistance of dense polymer structures
[109]. The preservation of the protein structure also supports zero adsorption next to the
hydrophobic dPS sublayer, in-line with literature [37, 38].
The adsorption on top of the planar PAA brush seems to contradict measurements on
spherical polyelectrolyte brushes (SPB). There, BSA was found deep inside the PAA brush
[43, 44]. Those results favor the extracted BSA density profiles as based on the stretched
PAA brush model. However, direct comparison of SPB brushes and the planar brushes of
this work is not straightforward. The thickness of the spherical PAA brushes was larger than
50nm and thus 3-5 times larger than the maximum thickness of the planar PAA brushes
before adsorption in this work. In a brush with a thickness of > 50nm a dense 2-3 nm
screening layer at the grafting plane is negligible. The accessible diluted part of the spherical
PAA brush for protein adsorption amounts to 95 %. For the smaller planar brushes in this
work the dense screening or carpet layer covers up to 30 % of the total brush thickness and
thus directly affects the adsorption process. The adsorption of BSA on top of dense, thin
PAA brushes, as suggested by the model of the conserved brush, is not in contradiction
to existing results on the adsorption of BSA inside thick colloidal PAA brushes. With the
protein resistance of dense polymer brushes, the conserved PAA brush model seems to be
preferable to the model of the stretched brush.
Up to this point the comparison between the conserved and stretched brush model is
exclusively based on the protein distribution related to the PAA brush profile, irrespective of
the integral amount of bound BSA. With increasing grafting density σ the integral amount
Γ of adsorbed BSA also increases in a linear fashion (Figure 4.10). That is not true for
the ratio κ = Γ
σmBSA
of the average relative number of bound BSA proteins per PAA chain,
where mBSA = 1.1 ·10−19 g is the mass of a single BSA molecule [97]).
With increasing grafting density σ also κ increases (Table 4.5). If BSA can bind to any
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Table 4.5: Number κ of bound BSA proteins per grafted PAA monomer, related to the grafting
density σ . The mass of one BSA protein is mBSA = 1.1 ·10−19 g (M = 66267 g/mol).
sample σ [nm−2] Γ [mg/m2] κ = Γ
σmBSA
[BSAproteinsPAAchain ]
A1 0.070±0.007 2.4±0.3 0.31±0.06
A2 0.082±0.008 3.6±0.4 0.40±0.08
A3 0.106±0.010 5.6±0.5 0.48±0.09
position inside the PAA brush, as is the case for the stretched PAA brush model, κ is expected
to be constant. In case of the conserved PAA brush model, the dense PAA screening layer
is not penetrated by BSA. Adsorbed proteins are found purely in the diluted outer part of
the brush. With the completion of the screening layer, its relative contribution to the total
brush thickness should decrease with increasing grafting density. Thus, κ should converge
to a plateau value in the long chain limit. The experimental results gathered in Table 4.5
are in-line with expectation. In conclusion, the extracted integral amount of adsorbed BSA
proteins also supports the model of the conserved PAA brush.
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4.5.3 Effects of elevated hydrostatic pressure
PAA brushes and pressure
As demonstrated in Chapter 4.4.2, the application of hydrostatic pressure of 900 bar does
not change the conformation of the solvent-swollen PAA brushes. All changes to the
reflectivity are fully explained by the increased density of the D2O subphase and dPS
sublayer, concomitant with a pressure-induced reduction of thickness of the latter. The PAA
brush is hydrophilic at pD 6.1. Thus, in a fully solvated PAA brush there are no solvent
inaccessible cavities that are affected by elevated pressure (Chapter 2.3).
Adsorbed proteins and pressure
The results compiled in Chapter 4.4.4 also showed no response of the combined PAA and
BSA volume fraction profiles to elevated hydrostatic pressure of 900 bar after the adsorption
of BSA. No measurable desorption or re-ordering of the bound proteins was found. As hy-
drostatic pressure weakens hydrophobic interactions, this result supports the view that the
latter does not contribute to the adsorption process of BSA to hydrophilic PAA-brushes un-
der good solvent conditions.
Possible small changes of the BSA protein secondary and ternary structure at elevated pres-
sure [113] that do not affect the adsorption process are not observable by neutron reflectom-
etry.
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4.6 Summary
Using neutron reflectometry, SLD profiles of planar PAA brushes at three different grafting
densities before and after incubation with BSA proteins were measured. The extracted Gaus-
sian volume fraction profiles are in line with theoretical predictions by Zhulina and Borisov.
Differences were found for the detailed stretching of the brush. These might be caused by
neglected hydrophobic interactions at the grafting interface in the theoretical approach. A
reason for an increased density of the PAA layer near the grafting plane is seen in the screen-
ing of the hydrophobic dPS sublayer from the D2O subphase.
BSA proteins were found to adsorb to the PAA brushes from solution. A linear increase of
the BSA protein adsorption capability with increasing grafting density of the planar PAA
brushes was extracted from the NR data. Counterion release and protein charge regulations
due to reduced local pD values inside the brushes are considered the main driving forces for
this adsorption process on the wrong side of the isoelectric point of the brushes.
To evaluate the distribution of BSA within the PAA brush, assumptions on the brush struc-
ture had to be made. If the structure of the PAA brush was conserved, the BSA proteins
would not penetrate into the brush but were adsorbed at the surface of the brush. For the
assumption that the PAA brush is stretched by the adsorption of BSA to approximately twice
its original size, a more homogenous distribution of BSA inside the brush was calculated.
Due to the lack of contrast it is not possible to directly exclude one of the models, but as
dense polymer brushes are known to be protein resistant, adsorption of BSA on top of the
PAA brush is favored.
Elevated hydrostatic pressure of 900 bar was found to have no impact on the structure of the
PAA brush and its capability to bind BSA proteins.
CHAPTER 5
PDMAEMA brushes - response to
temperature and pressure
5.1 Outline of experiments
Six samples of multi stimuli-responsive PDMAEMA polymer brushes with varied grafting
density are investigated by neutron reflectivity as a function of temperature and hydrostatic
pressure (Table 5.1).
The response of PDMAEMA brushes to temperature is qualitatively known [4]. In this
work however, new insights are gained from the analysis of the NR data. Utilizing the novel
LC-DFT model, the analysis of the PDMAEMA brush structure is directly connected to
intrinsic physical parameters. The response to temperature is described by a thermodynam-
ically consistent phase diagram that includes a definition of the PDMAEMA brush lower
critical solution temperature (LCST).
Table 5.1: Sample overview
Sample σ [nm−2] T -range [ ◦C] p [bar] Instrument
S1 0.2 20 - 50 1 V6
S2 0.2 30 - 60 1 V6
S3 0.2 20 - 40 1; 500; 1000 FIGARO
S4 0.2 20 - 40 1; 1000 FIGARO
S5 0.1 20 - 40 1; 1000 FIGARO
S6 0.3 20 - 40 1; 1000 FIGARO
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So far, the response of hydrostatic pressure has been studied solemnly on homogenous poly-
mer networks such as polymer gels. This work expands the knowledge to the inhomogeneous
structure of polymer brushes. The response to elevated hydrostatic pressure up to 1000 bar
is described by the pressure effect on solvent inaccessible cavities in the brush and thus
analyzed independent of the response to temperature.
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5.2 Preparation of PDMAEMA brushes
The preparation of the PDMAEMA brushes utilized the LS transfer (Chapter 3.2.3) of free
floating dPS-PDMAEMA block copolymer precursor layers with defined grafting densities
to dPS pre spincoated Si substrates.
The block copolymer dPS32-PDMAEMA113 was dissolved in toluene at a concentration of
1 mg/ml. At first, the samples were prepared with the same process as the PAA brushes
















 dPS (212 Å) + dPS-PDMAEMA (90 Å)
Figure 5.1: Fitted X-ray reflectivity of a dPS spincoated sample before and after LS transfer of
the dPS-PDMAEMA block copolymer at a grafting density σ = 0.3nm−2.
These test samples were prepared before the beamtime and transported in the dried state.
First neutron measurements at the EROS reflectometer at LLB showed a response of the
rehydrated PDMAEMA brushes to temperature (Figure 5.2) but also revealed a likely mixing
or interdiffusion of dPS and PDMAEMA at the grafting interface. The thickness of the
spincoated dPS sublayer, as measured with X-ray reflectometry, was 212 Å (Figure 5.1).
This thickness was expected to increase by ≈ 14Å to 226 Å due to the dPS part of the block
copolymer. The extracted SLD profiles of the NR measurements (Figure 5.2) revealed a drop
of the SLD already at 180 Å instead of the expected 226 Å. Most likely an interdiffusion of
dPS and PDMAEMA was caused by the annealing of the sample after the transfer of the




























Figure 5.2: NR data for a PDMAEMA brush (σ = 0.3nm−2) at 20 ◦C and 40 ◦C. As expected,
the brush responds to increasing temperature with a decrease in brush thickness.
But the brush is not fully functional. From prior X-ray reflectivity measurements, a
thickness of the dPS sublayer of 226 Å was expected (dashed line), but upon drying
and annealing of the sample after the LS transfer, parts of PDMAEMA seemed to
diffuse into the dPS sublayer.
dPS-PDMAEMA block copolymer to the dPS spincoated substrate.
To solve the issue of interdiffusion, the annealing and drying after the LS transfer was dis-
carded. This change lead to the following final preparation sequence for the samples S1-S6
(details in Table 5.1): The polymer containing toluene solvent was spread on a clean D2O
surface of 2800mm2 by using a Hamilton syringe. The liquid surface area was precisely
matching the surface area of the silicon substrates. This way, the grafting density was con-
trolled by the amount of spreading solution, deposited on the water surface. The subphase
pD (pD = pH + 0.4 [114]) was adjusted to 9.3± 0.3 with a 10 mM borate buffer (H3BO3,
KCl, NaOD). After minimum 10 min delay time, allowing for solvent evaporation, the re-
sultant dPS-PDMAEMA Langmuir monolayer was transferred from the air-water interface
to the dPS pre-coated Si substrate by applying the Langmuir-Schäfer technique (Chapter
3.2.3). The final preparation step was performed near the neutron reflectometer for imme-
diate mounting of the substrates into the NR sample cell. Neither intermediate drying nor
annealing was applied and thus contamination and damage of the brush upon drying and
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rehydration could be avoided. The results of the NR measurements (Chapter 5.4) showed
no stability problems in the solvent swollen state for at least 2 days and temperatures up to
55◦C.
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5.3 The LC-DFT model for PDMAEMA brushes
The full theoretical derivation of the LC-DFT model for responsive polymer brushes can
be found in Chapter 2.3. The volume fraction profile of a PDMAEMA brush is related to
the monomer density via the DMAEMA monomer volume vm = 225Å [115]. To account
for the dPS sublayer with thickness z0 the volume fraction profiles of the polymer brush
are parametrized by z̃ = z− z0. The determining equation 2.20 is transferred into a more
adequate form for the fitting process:






















Equation 5.1 has to be solved self-consistently. In this process ϕ0 is a normalization factor






Temperature T and pressure P are external experimental parameters. The monomer volume
vm = 225Å is a fixed parameter of polymer. The remaining free parameters of the analytical
model of the brush volume fraction ϕ(z̃) are σ , H0, B2, B3 and v0.
The grafting density σ relates to the mass of the brush and ideally is kept constant for all
fits on a given sample. H0 describes the thickness of the undisturbed ideal Gaussian brush.
In a perfect theoretical description this thickness is expected to be globally constant, but the
current state of the analytical model does not include all possible interactions. Not explicitly
included are electrostatic and osmotic forces, as well as interactions of the polymer brush
with the grafting interface. For a consistent determination of the relevant parameters all
unknown interactions are absorbed into H0 upon description of the experimental results. The
third virial coefficient B3 is governed by packing effects and thus was globally set to the
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The remaining two parameters are related to the response of the inhomogeneous PDMAEMA
volume fraction profile to temperature and pressure. The response to temperature depends
solely on the value of the second virial coefficient B2 ⇒ B2(T ). The pressure effects are
coupled to the value of the solvent inaccessible cavity volume v0. Thus, temperature and
pressure are completely separated.
To include the analytical description in the NR SLD model for polymer brushes in the
solvent swollen state (Chapter 3.3.6), the PDMAEMA brush profile has been divided into
120 layers of 5 Å thickness each. The reciprocal width of the chosen slices is larger than
6 times the maximum momentum transfer probed experimentally and ensured avoiding
artificial interferences in the calculated reflectivity curves used for fitting. Roughness
between the dPS sublayer and the polymer brush is simulated by a Gaussian convolution of
SLD(z).
The source code for the calculation of the analytical brush profile and the translation to the
layer model is given in Appendix A.4. The reflectivity was fitted in R vs. Q including the
resolution ∆Q and a weighting based on the reciprocal statistical error of the reflectivity δR.
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5.4 Results
5.4.1 Response to temperature
PDMAEMA polymers in solution undergo a hydrophobic coil to globule transition for
increasing temperature around the LCST [53]. The resultant effect on polymer brushes is
a decreasing brush thickness [4]. The LCST for polymers in solution is well defined by
the onset of the phase separation between polymer and solvent. The latter can be analyzed
by turbidity measurements. For polymer brushes a phase separation manifests itself in
the structural response of the polymer brush. In their work, Jia et al. confirmed on ATRP
grown PDMAEMA brushes that around the the LCST the brush thickness is reduced [4]. In
this work, in addition to the phenomenological observation of the polymer brush thickness
reduction, the characterization of the response to temperature utilizing the new analytical
LC-DFT model allows for a deeper understanding of the process on monomer level.
The response to temperature in a range of 20 to 60 ◦C was measured by neutron reflectometry
on PDMAEMA brushes with a prepared grafting density σ = 0.2nm−2 (samples S1+S2).
The pD of the D2O sub-phase was chosen to 9.3±0.3 to adjust the LCST to a value around
40 ◦C [53].
Figure 5.3 shows the NR data from two PDMAEMA brushes (S1 + S2) as a function of
sample temperature. The reflectivity changes continuously upon heating in steps of 5 K from
20 ◦C to 50 ◦C for sample S1 (top graph) and from 30 ◦C to 55 ◦C for sample S2 (middle
graph). The changing reflectivity is a consequence of the underlying changes of the brush
structure (bottom graph). With increasing temperature up to 40 ◦C the PDMAEMA brushes
show a continuous collapse. They transform from a purely Gaussian volume fraction profile
at 20 ◦C to a state at 40 ◦C, that shows a parabolic high density profile close to the dPS buoy
layer and a low density Gaussian tail close to the D2O fronting phase. The temperature
induced transition is found to be fully reversible (Figure 5.4). For temperatures above
40 ◦C and thus above the expected LCST, a distinctive vertical phase separation in high and
low density phases of the brush occurs. The extracted grafting density for both samples is
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Figure 5.3: Neutron reflectivity from two PDMEAMA brushes (S1:top; S2:middle) grafted to
dPS pre-coated silicon support at a graft density of 0.22 nm−2 against a D2O liquid
phase at pD 9.3 as a function of sample temperature. The bottom graph displays
the extracted volume fraction profiles of the brushes.
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Figure 5.4: Neutron reflectivity from a PDMEAMA brush (S1) grafted to a dPS pre-coated
silicon support at a graft density of 0.22 nm−2 against a D2O liquid phase at pD 9.3.
The sample was measured first at a temperature of 20 ◦C, then heated and measured
at 40 ◦C and subsequently cooled back to 20 ◦C.
stable up to at least 55 ◦C. At the highest measured temperature of 60 ◦C (sample S2) the
extracted grafting density dropped to σ = 0.19± 0.2nm−2. This implies a loss of ≈ 15%
of the PDMAEMA brush at highest experimental temperature, which is also visible in the
decrease of the brush volume fraction profile (dashed line bottom Figure 5.3).
Taking advantage of the analytical model, a deeper understanding of PDMAEMA brush
collapse is gained by the analysis of the extracted brush parameters. The data sets were
analyzed as described in Chapter 5.3. The only local fitting parameter changing with
temperature is the second virial coefficient B2(T ).
The values for the extracted second virial coefficient B2(T ) are summarized in Table 5.2 and
visualized in Figure 5.5. In the temperature region from 20 to 45 ◦C B2 scales linearly with





Table 5.2: B2/vm as a function of sample temperature T for samples S1 and S2
T [ ◦C] 20 25 30 35 40 45 50 55
S1
-2.60 −3.21 −4.09 −4.83 −5.15 −5.88
±0.25 ±0.21 ±0.16 ±0.12 ±0.15 ±0.15
S2
−3.70 −4.57 −5.22 −5.84 −6.24 −6.31
±0.22 ±0.19 ±0.18 ±0.23 ±0.24 ±0.22
Above 45 ◦C, in the region of the vertical phase separation, the values for the second virial













Figure 5.5: Plot of the normalized second virial coefficient, B2/vm, of PDMAEMA brushes
S1 and S2 of grafting density 0.22 nm−2 versus sample temperature T . The dashed
line denotes a linear fit to the data between 20 ◦C and 40 ◦C with slope b =−0.12±
0.01K−1.
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Evaluation of fit quality
To evaluate the NR data the Levenberg-Marquardt least square fitting method was performed
on χ2 values, weighted by the inverse statistical error of the reflectivity. This weighting
sets the priority of the fit to the lower Q region, where a high reflectivity results in low
statistical errors. This region exhibits the most pronounced changes of the reflectivity with
temperature and pressure. The minimized χ2 values of the respective NR data are gathered
in Table 5.3. For comparison, Table 5.3 also includes the calculated (not minimized) χ2
values based on the logarithm of the reflectivity and weighted on the fitted reflectivity.
Table 5.3: χ2 values for the analytical fit to the neutron reflectivity data. The weighting scheme
applied was w = 1/δR (error in R). For comparison the χ2 values were also calcu-
lated (not minimized) for the logarithm of the reflectivity (w= 1) and for a weighting
based on the reciprocal fitted reflectivity (w = 1/Rfit).
Sample
T [◦C] χ2 χ2 of logR χ2
(P [bar]) w = 1




20 11.2 0.0113 0.106
25 8.2 0.0083 0.050
30 8.4 0.0127 0.084
35 8.5 0.0202 0.161
40 13.2 0.0383 0.195
50 31.1 0.0480 0.327
S2
30 13.9 0.0141 0.106
35 15.4 0.0128 0.118
40 19.6 0.0203 0.241
45 32.6 0.0222 0.214
50 49.9 0.0310 0.254
55 52.2 0.0407 0.252
The quality of the analytical fits deteriorates with temperature. The fit to the data at 50 ◦C
is a factor of 3 worse than the fit at 20 ◦C. The latter is a natural outcome of the constraints
applied in the course of fitting. Subtle changes in the brush profile cannot be accommodated
for in the analytical model. The advantage of the latter is that it describes all observed
effects self-consistently in concordance with reasonable physical boundary conditions.
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Figure 5.6: Comparison of the box-model with the analytical model fits for sample S1 at tem-
peratures of 20 ◦C and 50 ◦C.
solvent when changing temperature or pressure were regarded in all fits. From individual
analytical fits on the NR data mean values for the parameters σ , H0 and v0 were extracted
and globally fixed. In the final fits B2 was the only remaining fitting parameter. All other
parameters, namely dPS thickness, SLD of dPS, D2O and Si, roughness to silicon, grafting
density σ (ϕ0), pressure P, temperature T , H0, v0, B3 and the roughness of the brush,
through a Gaussian convolution, were globally fixed or set according to physical constraints.
To evaluate the reliability of the analytical profiles, a comparison of the data at 20 and 50 ◦C
with a standard box-model was performed (Figure 5.6). The arbitrary box-model is able to
reduce the χ2 values, when compared to the analytical description, by factors of 3.5 and
2.6, respectively. This is a consequence of the high flexibility to fit the SLD profiles with
a larger number of free fitting parameters. Despite the distinct reduction of the χ2 value,
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the extracted SLD profile at 20 ◦C for the box model is comparable to the analytical result
(bottom Figure 5.6). At 50 ◦C the most prominent difference is a small region of reduced
SLD for the second slab of the box model. Both models do show a vertical separation of
the brush at 50 ◦C into an overall high density slab for 185 Å < z < 285 Å and an overall low
density slab for z > 285 Å.
A further detailed discussion and direct comparison of both models is given in Chapter 5.5.1.
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5.4.2 Response to pressure
The results of the previous chapter showed a response, i.e. a decrease in thickness for
PDMAEMA brushes with increasing temperature, due to hydrophobic collapse of the poly-
mer chains. It is known that hydrophobic associated polymers create solvent inaccessible
cavities (SIC) [116]. These cavities are influenced by elevated pressure. Hydrostatic pressure
forces the water back into the cavity volumes and thus leads to a dissociation of hydrophobic
polymer assemblies (Figure 5.7) [26, 29, 56].
solvent-inaccessible cavity v0
P 
Figure 5.7: Schematic model of the dissociation of assembled monomers of the polymer at ele-
vated hydrostatic pressure which forces solvent into a void volume that was created
by hydrophobic interactions.
The reduction of hydrophobicity between monomers then causes a re-swelling of the brush.
The LC-DFT model, used for analytical fitting of the NR data, refers to the impact of SIC
volumes with the parameter v0.
Samples S3 and S4 were studied by neutron reflectivity at varied combinations of tempera-
ture in the range of 20 to 40 ◦C and hydrostatic pressure up to 1000 bar. The NR data and
fits are shown in Figure 5.8, with the extracted PDMAEMA brush volume fraction profiles
in Figure 5.9. As for the samples S1 and S2, the extracted grafting density for S3 and S4 is
σ = 0.22±0.2nm−2.
At all temperatures the brush volume fraction profiles ϕ(z̃) exhibit a characteristic re-
swelling, when the pressure was increased to 1000 bar (Figure 5.9). Within the analytical
LC-DFT model pressure induced changes to the PDMAEMA brush volume fraction profiles
are described by the pressure effect on the SIC volume v0. Consistent for all temperatures,
the re-swelling of the PDMAEMA polymer brushes of sample S3 and S4 at elevated
hydrostatic pressures originates from an extracted SIC volume of v0/vm = 0.2±0.05.
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Figure 5.8: NR data and fits showing the response of PDMAEMA brushes to elevated hydro-
static pressure. For better visualization, data from different samples or tempera-
tures were separated by factors of 10 each. From top to bottom the following data
are shown: S4 40 ◦C (1 bar, 1000 bar); S3 40 ◦C (1 bar, 500 bar, 1000 bar); S3 30 ◦C
(1 bar, 1000 bar) and S3 20 ◦C (1 bar, 1000 bar). From the pressure induced changes
to the PDMAEMA brush a SIC volume v0/vm = 0.20± 0.05 at constant B2(T ) is
extracted. Note that, the compression of the D2O fronting phase at 1000 bar causes



















S3 40°C 500bar  
S3 40°C 1000bar  
S3 30°C 1bar






















Figure 5.9: Volume fraction profiles ϕ(z̃) extracted from fits of the LC-DFT model to the ex-
perimental reflectivities in Figure 5.8. The profiles (left: S3; right: S4) illustrate
the re-swelling of the polymer brush when elevated hydrostatic pressure is applied.
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Table 5.4: Second virial coefficients B2(T ) for samples S3 and S4 (σ = 0.22nm−2).





S4 120 40 5.0±0.2
In addition to the pressure effects on the brush structure at 1000 bar the dPS sub-
layer is compressed by 2 % [95, 96], reducing its thickness and increasing its
SLD from SLDdPS(1bar) = 6.2 · 10−5 Å−2∗ to SLDdPS(1000bar) = 6.32 · 10−5 Å−2.
The D2O solvent is also compressed by ≈ 3.6%, changing its SLD at 20 ◦C from
SLDD2O(1bar) = 6.3 ·10−5 Å−2 to SLDD2O(1000bar) = 6.53 ·10−5 Å−2 [117, 118]. These
changes were taken into account in the respective NR fits at elevated pressure (Figure 5.8).
The extracted values of the second virial coefficient B2(T ) of samples S3 and S4, gathered
in Table 5.4, are consistent with the extracted results from samples S1 and S2 (Table 5.2).
The only difference for the sample S3 is an increased value H0 = 150Å, needed to fit
the data, compared to H0 = 120Å for samples S1, S2 and S4. At the same temperature
the polymer brush on sample S3 is slightly more stretched than to the polymer brushes
on samples S1, S2 and S4 (Figure 5.9). The origin of this effect is not known and might
be attributed to slightly different experimental conditions during the preparation of the brush.
∗The SLD of the dPS sublayer (dPS supplied by Polymer Source) had to be reduced to 6.2 ·10−5 Å−2 from
to the theoretical value of 6.4 · 10−5 Å−2 as used in Chapter 4 (dPS supplied by Polymer Standard Service).
The difference can be explained by a reduced degree of deuteration.
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5.4.3 Varied grafting densities
The results described in Chapter 5.4.1 & 5.4.2 were achieved from samples with a constant
grafting density of σ = 0.2nm−2. By changing the grafting density, it is possible to further
tune the properties of the polymer brush. Plamper et al. found a decreasing LCST with
increasing branching number of star-shaped PDMAEMA polymers [53]. The branching
number of star-shaped polymers can be compared to the grafting density of polymer brushes.
To evaluate the effect of confinement at the grafting plane on the response to temperature
and pressure, samples S5 and S6 were prepared with a reduced (S5: σ = 0.1nm−2) and
an increased (S6: σ = 0.3nm−2) grafting density and measured by NR in the following
temperature, pressure sequence:
[20 ◦C, 1 bar]⇒ [40 ◦C, 1 bar]⇒ [40 ◦C, 1000 bar]⇒ [40 ◦C, 1 bar]⇒ [20 ◦C, 1 bar]
Figure 5.10 displays NR the data and respective fits for samples S5 and S6. The extracted
brush volume fraction profiles are displayed in Figure 5.11. For direct comparison, Figure
5.11 also includes related data for sample S3 with the intermediate grafting density σ =
0.22nm−2 (the respective NR data for S3 can be found in Figure 5.8). All fits were achieved
using the analytical LC-DFT model as described in Chapter 5.3. The extracted parameters
for the polymer brush are gathered in Table 5.5.
In concordance with the previous results, increasing temperature causes a fully reversible
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Figure 5.11: Extracted PDMAEMA brush volume fraction profiles for three samples with in-
creasing grafting density (σ(S5) = 0.11nm−2; σ(S3) = 0.22nm−2; σ(S6) =
0.32nm−2).
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Table 5.5: Extracted brush parameters for the NR data of samples S3, S5 and S6.
Sample
σ T P H0 v0 B2 B3





















5.5.1 LC-DFT vs. box model
The NR data was analyzed using the novel analytical LC-DFT model and a standard box
model. A direct comparison of both models was made for exemplary NR data of sample
S1 at 20 ◦C and 50 ◦C (Figure 5.6). The extracted volume fraction profiles of both models
consistently describe the collapse of the brush from a purely Gaussian profile at 20 ◦C to a
brush structure at 50 ◦C that exhibits a vertical phase separation into high and low density
regions. Concerning the reduction of the χ2 value, the box model was able to outperform
the analytical model by a factor of ≈ 3. The improved quality of the fit is a result of the
higher flexibility in the model of the structure of the brush. The box model includes the
arbitrary fit of the SLD of up to 9 individual brush layers for each NR measurement. For the
analytical model the second virial coefficient B2 is the only local fit parameter. A handicap
of the box-model is the inability to conserve the mass of the brush. This results in extracted
grafting densities of σ = 0.21nm−2 at 20 ◦C and σ = 0.23nm−2 at 50 ◦C. In the analytical
model the grafting density is a direct input parameter for the polymer brush profile. Another
drawback of the box model is the purely qualitative character of the extracted brush profiles.
There is no physical justification for the box-model. The latter is obeyed by the analytical
model. The analytical model covers most of the figures of the box-model which describes
the interface without any bias. In conclusion, with the effective reduction of the fitting
parameters and their physical relevance, the analytical model is considered superior to the
box model.
The analytical model allows an examination of the brush properties on a thermodynamically
consistent level. The full potential of the theory will be demonstrated and discussed in the
following chapters.
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5.5.2 Construction of the phase diagram for PDMEAMA brushes
The extracted negative values for B2(T ) are consistent with an attractive hydrophobic in-
teraction between the monomers. These hydrophobic attractions increase with temperature
[119] and thus trigger the gradual collapse of the brush. Increasingly negative B2(T ) with in-
creasing T have been observed also for methane molecules in computer simulations and sol-
ubility experiments [120, 121]. There, B2/vm was found to decrease from about B2/vm =−2
to −6 in the range from 20 to 80 ◦C, with the assumed diameter of the methane monomer
of a = 3.5Å. Thus, the fitted values of B2 are very reasonable and support the idea of a
hydrophobic collapse of the brush. Within the LC-DFT (Chapter 2.3), the structure of the
polymer brush is derived from an ideal undisturbed conformation of the grafted polymer
molecules by a virial expansion of the monomer density. The ideal brush is modeled by an
ideal gas of monomer segments confined by a harmonic elastic term via equation 2.7. The
result is a purely Gaussian density distribution. The real PDMAEMA polymer brush can
thus be considered as a van der Waals (vdW) gas of monomer segments, constrained by an
external harmonic potential, which expresses the elastic energy of the brush polymers that
are fixed to the grafting interface. The equation of state of the monomer vdW gas at density
ρ is described by a virial expansion up to third order via
βP = ρ +B2(T )ρ2 +B3ρ3 (5.5)
where B2 is essentially linear in temperature T , that is B2/vm(T ) = 32.7−0.12T/K (equa-
tion 5.4). By scaling equation 5.5 with the monomer volume vm it can be rewritten into the
dimensionless volume fraction ϕ
βPvm = ϕ +(B2(T )/vm)ϕ2 +(B3/v2m)ϕ
3 (5.6)
The critical point of a high(h)-low(l) density coexistence and the full binodal can be calcu-
lated by a Maxwell construction [122] (Figure 5.12). The constriction on pressures, Ph = Pl
and chemical potentials µh = µl in the coexisting states leads to the Maxwell construction
for isotherms in the pressure-volume (P−V ) space, where equality of integrated areas in
the non-monotonic part of the isotherms must be established. The spinodal is defined by the
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stability limits that identify a diverging compressibility. The latter are given by the minimum
and the maximum of the isotherms above the critical point in temperature. For numerical
evaluation, equation 5.6 is written in the more appropriate form
P̃(x) = 1/x+(B2(T )/vm)/x2 +(B3/v2m)/x
3 (5.7)
where P̃(x) = βvmP and x = 1/ϕ ∝ V . An example for isotherms P̃(x) below (40 ◦C) and
above (50 ◦C) the critical point, including the Maxwell construction (dashed line) is given
in Figure 5.12. The function P̃(x) was numerically evaluated. B3/v2m = 10 [123] is T -
independent. Integrals of P̃(x) were computed Gaussian quadratures. The minima and max-
ima of P̃(x) for every temperature T were evaluated by a Newton-Raphson scheme that
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Figure 5.12: Example isotherms P̃(x) for temperatures below (40 ◦C) and above (50 ◦C) the
critical point. In the non-monotonic region for the isotherm at 50 ◦C a Maxwell
construction is used to identify the critical points of a high-low density coexistence
(binodal).
The vertical phase separation in high and low density phases is quantified by the bin-
odal/spinodal phase diagram in Figure 5.13. The important conclusion from Figure 5.13
is that the critical point is located at a temperature of about 44 ◦C. This value is consistent
with the expected cloud point (LCST) of PDMEAMA polymers at pD 9.3 in solution [53].
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Figure 5.13: Stability line (spinodal) and coexistence line (binodal) of the monomer vdW gas.
The critical point (LCST) is at 44 ◦C.
Thus, in the following the critical point in temperature is used to define the LCST of the
PDMAEMA brush. The vertical phase separation for temperatures above the LCST, indi-
cated by a sharp jump in the volume fraction profile, is directly visible in the respective
SLD profiles (bottom part of Figure 5.3). The polymer brush exhibits a spatially separated
structural high-low density coexistence of collapsed and stretched polymers.
The existence of a spatial separation into high-low density regions above the LCST is
predicted theoretically within SCFT [124] and also confirmed experimentally for chemically
different ATRP grown systems [125, 126]. For the PDMAEMA brush system investigated
here, the resulting LCST is in line with the findings by Jia et al. who identified a phase
transition for PDMAEMA brushes between 30 ◦C and 40 ◦C at slightly higher pH 10 [4].
Their identification of the phase transition was based purely on the evaluation of fitted
box-model SLD profiles. In this work, using a theoretical approach to the analytical fitting
of the NR data, the results are in addition thermodynamically consistent. The LCST is
obtained from the extracted temperature dependency of B2(T ) and thus directly based on
the responsive structure of the polymer brush below the LCST.
Above the LCST high and low phases coexist in the brush in the vertical direction, i.e.
as a function of distance from the grafting plane. The theoretical model expects a sharp
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transition between the high density and the low density phase. In a real polymer brush local
density fluctuations might occur. The latter are not accounted for in the current analytical
description of the brush profile and thus the quality of the fits deteriorates for temperatures
> 40 ◦C (Table 5.3).
Approaching 60 ◦C in the phase diagram (Figure 5.13), the stable region of low density
phase almost vanishes. The structure of the brush is expected to collapse to a condensed
homogenous layer. In the experiment this was not observed. The analysis of the NR data
at 60 ◦C showed that the mass of the brush was not constant. Approximately 15 % of the
polymer chains were detached from the interface. The complete collapse of the brush seems
to be an unstable state. By the detachment of some of the polymer chains, the brush adopts
a more relaxed and stable conformation (dashed black line in the bottom part of Figure 5.3).
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5.5.3 Antagonistic effects of temperature and hydrostatic pressure
Just like the second virial coefficient B2, the hydrostatic pressure P couples linearly to the
monomer density via v0. Thus, directly within the LC-DFT model, hydrostatic pressure
exactly counteracts the structural hydrophobic collapse that is caused by increasing tempera-
ture. This relation and the linear dependency between temperature and the second virial coef-
ficient B2(T ) below the LCST allows for the calculation of a structural temperature-pressure
equilibrium. All structural changes of a PDMAEMA brush for an increase of temperature
∆T = 1 K is directly canceled by increasing pressure by
∆P/∆T = |b|kBT/v0 ' (110±10)bar/K (5.8)
where b = −0.12K−1 is the slope of the linear dependency of B2(T ) (equation 5.4). The
≈ 100bar/K cancellation effect is a direct result of the analytical LC-DFT theory and based
on independent measurements of the structural response of the PDMAEMA polymer brush
to temperature and pressure.
This effect is directly visible in the experimental NR data, for instance in Figure 5.14. Two
pairs of neutron reflectivity data for a PDMAEMA brush (S3) are shown for direct com-
parison. The first pair was measured at 1 bar, 20 ◦C (green) and 1000 bar, 30 ◦C and the
second pair at 1 bar, 30 ◦C (green) and 1000 bar, 40 ◦C. Except for the position of the total
reflection edge, which only reflects the compressibility of the D2O solvent and a small shift
of the reflectivity due to the reduced dPS sublayer thickness, both pairs perfectly match.
The structure of the brush did not change when the temperature was increased by 10 K and
simultaneously the pressure was raised by 1000 bar. To visualize the impact of non-brush
specific pressure effects, namely compressibility of the dPS sublayer and the D2O solvent,
to the reflectivity, Figure 5.14 includes fits of the reflectivity (solid lines) with the respective
SLD profiles in Figure 5.15. While the SLD profiles differ due to the compressibility effects
of sublayer and sub-phase, the extracted volume fraction profiles of the brush, Figure 5.16,














S3 30°C 1000bar  
S3 30°C 1bar
S3 40°C 1000bar
Figure 5.14: Neutron reflectivity data and fits from a PDMEAMA brush (S3) at a grafting
density of σ = 0.22nm−2 as a function of pressure and temperature. Reflectivity
data from measurements at 1 bar and temperatures of 20 ◦C and 30 ◦C is paired
















distance from interface z [Å]
S3 20°C 1bar
S3 30°C 1000bar  
S3 30°C 1bar
S3 40°C 1000bar
Figure 5.15: Scattering length density profile from the reflectivity fits of Figure 5.14. Differ-
ences in the SLD profiles are exclusively caused by the compressibility of D2O
and dPS.

















S3 20°C 1bar  
S3 30°C 1000bar  
S3 30°C 1bar  
S3 40°C 1000bar
Figure 5.16: Pairwise matching PDMAEMA brush volume fraction profiles that were extracted
from the SLD profiles of Figure 5.15.
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5.5.4 Confinement effects
Confinement effects were analyzed by comparing the results of the samples S3, S5 and S6.
The extracted grafting densities σ = 0.11nm−2 for S5 and σ = 0.32nm−2 for S6 confirm
the successful preparation and transfer of the brushes. Qualitatively, the volume fraction
profiles of S5 and S6 (Figure 5.11) showed the same response to temperature and pressure as
the brushes measured at intermediate grafting density σ = 0.22nm−2 (S1-S4). An increase
of temperature from 20 to 40 ◦C caused a hydrophobic collapse of the brushes that is partly
counterbalanced by increasing hydrostatic pressure.
However, small differences in the brush structures due confinement effects are visible and
are quantified by the extracted fitting parameters of the analytical LC-DFT model (Table
5.5). With increasing grafting density the thickness H0 also increases. Theoretically, H0
is the thickness of the undisturbed ideal brush that is independent of the grafting density.
The stretching of a brush with increasing grafting density is accounted for the impact of the
third virial coefficient B3, which includes hard-core packing effects. The latter are not strong
enough to completely describe the observed stretching of the brush with increasing grafting
density. In our pragmatic approach additional forces on the PDMAEMA brush, that are not
explicitly included in the analytical model, are absorbed into H0. A likely additional con-
tribution which is not covered by the LC-DFT is the electrostatic interaction. The pKa of
PDMAEMA is 7.5±0.5 and thus at pH = 9.3 approximately 2-3% of the monomers’ amine
groups are positively charged [53, 127]. For higher grafting densities with an increased
packing fraction of charged monomers, electrostatic repulsion might explain the observed
increase in H0.
A small change of the second virial coefficients has been observed as well. With increasing
grafting density, B2(T ) consistently shifts to more negative values that result in increas-
ing hydrophobic interactions at comparable temperatures. This indicates a reduction of the
LCST for more densely grafted brushes. For sample S6 with the highest grafting density
σ = 0.32nm−2, the volume fraction profile at 40 ◦C and ambient pressure exhibits the char-
acteristic signature of a vertical phase separation for a brush above the LCST. In this work,
the LCST is defined by the critical point of the polymer brush phase diagram, that is the
minimum of the binodal and spinodal. The latter is constructed by the minimum and the
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maximum of the isotherms above the critical point in temperature. The equation of state for
the brush system (equation 5.5) is
βP = ρ +B2(T )ρ2 +B3ρ3
The minima and maxima are defined by the root of the derivation ∂/∂ρ:






































= ϕc = 0.18 (5.15)
For B2/vm < 5.48 the brush is below the LCST and exhibits a continuous density profile.
Crossing the critical point at B2/vm > 5.48, for temperatures above the LCST, the brush
vertically separates into a high density region at the grafting plane and a low density region
towards the sub-phase. With a value of B2/vm = 5.6 at 40 ◦C, the PDMAEMA brush of
sample S6 with the highest grafting density σ = 0.32nm−2 is above the critical point. At the
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same temperature of 40 ◦C, the brushes with a lower grafting density σ = 0.11nm−2 (S5:
B2/vm = 4.8) and σ = 0.22nm−2 (S3: B2/vm = 5.0) are below the critical point (Table 5.5)
and thus exhibit a continuous volume fraction profile (Figure 5.11).
From the increase of B2(40 ◦C), with increasing grafting density (Table 5.5), it can be
concluded that it is possible to tune the LCST with the density of the grafted polymer chains.
In fact, Plamper et al. also observed a reduction of the LCST for PDMAEMA star polymers
with increasing branching number or increasing polymer concentration [53]. Conducting
titration curve measurements, they determined a decreasing apparent pKa with increasing
branching number. The latter is consistent with findings on other weak polyelectrolytes such
as polyacrylic acid [128].
The LCST of PDMAEMA is pH-tunable and the apparent pKa was found to decrease
for increasing PDMAEMA density. Thus, the observed reduction of the LCST for
PDMAEMA brushes with increasing grafting density is in accordance with the results on
other PDMAEMA structures.
The response to hydrostatic pressure is related to the SIC volume v0. The pressure induced
re-swelling of the polymer brush for sample S5 (σ = 0.11nm−2) could be modeled with
v0/vm = 0.2, consistent with the results on S3 and S4. For sample S6 (σ = 0.32nm−2) the
SIC volume had to be reduced to v0/vm = 0.1. For the highest grafting density elevated
pressure seems to be less effective. This result can be consistently explained by taking into
account that for the brushes of sample S6 the LCST is below 40 ◦C. The measurements
on S1 and S2 revealed a distinctive flattening of the linear dependency of B2(T ) for
temperatures above the LCST (Figure 5.5). Hydrostatic pressure counterbalances the
response to temperature, described by B2(T ). Thus, above the LCST, the reduction of v0 in
combination with the decreased dependency of B2(T ) for T > LCST can be still consistent
with a 100 bar/K cancellation effect.
Temperature and pressure are linearly related to the volume fraction (equation 5.1). The
response to pressure can be also seen as a change of an effective B2. For sample S6 with
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v0/vm = 0.1 an elevated pressure of 1000 bar reduces B2 by ∆B2/vm = 0.52. This leads
to an effective value of the second virial coefficient for sample S6 at 40 ◦C and 1000 bar of
B2/vm≈ 5.1 which is below the value at the the critical point of B2/vm = 5.48. In conclusion,




Planar multi stimuli responsive PDMAEMA brushes from diblock copolymer Langmuir lay-
ers with varied grafting density were prepared by Langmuir-Schäfer transfer. Utilizing neu-
tron reflectometry, the samples were analyzed at the solid-liquid interface in a temperature
range of 20 to 60 ◦C for hydrostatic pressures from 1 to 1000 bar. A novel theoretical model
of the brush density profile as a function of σ , T and P was used to fit the experimental
NR data. Within this model, temperature and pressure effects are described independently.
Increasing temperature caused a continuous decrease of polymer brush thickness. The rea-
son for this response of the brush is a hydrophobic coil to globule transition of the polymer
chains. When crossing the LCST the brushes collapsed into a high density polymer layer
near the grafting plane and a low density Gaussian tail towards the liquid fronting phase.
The new model intrinsically includes the observed vertical phase separation and yields the
correct position of the LCST in a thermodynamically consistent way, exclusively based on
structural data. Hydrostatic pressure was found to act perfectly antagonistic to temperature.
The hydrophobic collapse of the PDMAEMA brush that is caused by a temperature increase
of 10 K is exactly counterbalanced by a pressure increase of 1000 bar. While the value of the
LCST of the polymer brush is found to decrease with the grafting density, the antagonistic





AMOR time-of-flight neutron reflectometer at PSI
ATRP atom transfer radical polymerization
BSA bovine serum albumin
dPS perdeuterated polystyrene
EROS time-of-flight neutron reflectometer at LLB




LC-DFT local cavity density functional theory (Chapter 2.3)
LCST lower critical solution temperature
LEA local electroneutrality approximation
LLB Laboratoire Leon Brillouin
LS Langmuir-Schäfer






PSI Paul Scherrer Institut
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PE polyelectrolyte
SCF self-consistent field
SIC solvent inaccessible cavities
SLD scattering length density
SPB spherical polyelectrolyte brush
TOF time-of-flight
V6 monochromatic neutron reflectometer at HZB
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A.2 Variable declarations
Å length unit [10−10 m]
a effective monomer diameter
B2 2nd virial coefficient
B3 3rd virial coefficient
cm(z) brush monomer density profile
d layer thickness
dp averaged grafted polymer-polymer distance
H0 ideal brush thickness
H (brush) height / thickness
MW weight-average molar mass
N degree of polymerization
P hydrostatic pressure
pH −log10(cH+) hydrogen ion concentration
pD −log10(cD+) deuterium ion concentration
Q scattering vector / scattering momentum transfer
RF averaged end-to-end distance of random coiled polymers
R(Q) (specular) reflectivity
s grafting area per polymer chain
SLD(z) scattering length density profile
T temperature
v0 monomer-monomer solvent-inaccessible cavity volume
vm monomer volume
z0 thickness of the dPS sublayer
z̃ = z− z0
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α(z) relative monomer charge profile
β = 1kBT energy normalization factor
Γ adsorbed mass of BSA per surface area
θ scattering angle
κ bound BSA proteins per grafted PAA monomer
λ wavelength
ω Gaussian brush thickness
Σ interface roughness
σ grafting density
ϕ0 polymer brush volume fraction at the grafting plane
ϕ(z) volume packing fraction profile
ρ(z) mass density profile
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A.3 Reflectometry instrumental setup
A.3.1 X-ray reflectometry
The X-ray reflectometer used for characterization of substrates and transferred brushes in
dry state was a home build instrument with horizontal θ − 2θ geometry and a resolution
∆Q = 0.003 Å−1 at a wavelength of 1.541 Å generated by a Cu anode. The geometry of
the beam was defined by a (0.004 x 8.000) mm slit in front of the sample, followed by a
(2 x 10) mm slit after the sample position [129].
At the data reduction, the X-ray raw data was footprint corrected and normalized to the
intensity of the direct beam [130].
A.3.2 Neutron reflectometry
A.3.2.1 AMOR
AMOR is a horizontal time-of-flight reflectometer at SINQ/PSI (Villigen, Switzerland) [90].
A full reflectivity run consisted of measurements at incident angles θ1 = 0.4◦; θ2 = 0.8◦ and
θ3 = 1.6◦ of the white beam on the samples planar solid-liquid interface through the silicon
backing. Those measurements covered a Q-range of 0.008 to 0.174 Å−1, consuming 7 h of
beam-time with a resolution ∆Q/Q = 7% as defined by chopper system and slits.
Data reduction
For evaluation of the measured neutron reflectivity, the raw data was at first normalized to
the measured incident intensity spectra I0 through the Si wafer at θ = 0◦. Due to problems
in precisely positioning the neutron diaphragms on the incident side we found this simple
normalization not exact. The region of total reflection was higher than unity and not con-
stant. There was also a shift of the total reflection edge to lower Qz values than expected for
a measurement against a liquid D2O fronting with an SLD of ρD2O = 6.36 · 10
−6 Å−2. For
compensating the experimental deficiencies, the raw data was renormalized as followed: The
reflectivity for total reflection near the total reflection edge was normalized to 1. For all spec-
tra measured at θ1 = 0.4◦ the normalization of the raw data was applied with an individual
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Figure A.1: Normalized raw data
shift ∆θ1 to match the theoretical value of the total reflection edge for a measurement against
D2O. The respective spectra measured at θ2 = 0.8
◦ and θ3 = 1.6◦ were also normalized with
shifts ∆θ2, ∆θ3 and respective intensity scale factors to best possible overlap in reflectivity.
Averaged global shifts ¯∆θ1 = 0.012±0.002; ¯∆θ2 = 0.018±0.003 and ¯∆θ3 = 0.025±0.004
were calculated and applied to normalize all spectra. Finally minor intensity adjustments
were made to optimize the overlap of the three different spectra. An example of a renormal-
ized spectrum is shown in A.1. To fit the reflectivity, the three parts were merged using a
grid with ∆Q/Q = 5%.
Error estimation
The resulting SLD profiles from the fitted X-ray and neutron reflectivity measurements are
afflicted by systematical errors concerning the renormalization of the data and statistical er-
rors from the fitting process including the resolution of the instrument. The statistical error
for a single fit derived within Motofit for all measurements was ∆ρ(z)fit ≤±0.2 ·10−6 Å−2.
To examine the error of the normalization process in case of neutron reflectivity, the raw
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data measured at 0.8◦ incidence was shifted by ±10 % in intensity. Subsequently applied
fitting revealed variations in the SLD profiles of ∆ρ(z)norm ≤ ±0.1 · 10−6 Å−2. Identical
uncertainties were found for the small applied shifts in θ that were required for the sys-
tematical error in sample alignment. Finally all errors sum up to a maximum error of
∆ρ(z) ≤ ±0.4 · 10−6 Å−2. For SLD’s in the range of 4 to 6.57 · 10−6 Å−2 the relative er-
ror of the extracted values is less than 10 %.
A.3.2.2 V6
V6 is a horizontal monochromatic reflectometer V6 at HZB (Helmholtz-Zentrum Berlin,
Germany) [85]. The wavelength resolution as defined by a pyrolithic graphite monochro-
mator is ∆λ/λ = 2%. The incident neutron beam with λ = 4.66Å was collimated by two
rectangular diaphragms achieving a constant resolution ∆Q of 0.001Å−1 in the range of
0.005 < Q < 0.06Å−1 and 0.002Å−1 in the range 0.06 < Q < 0.14Å−1. Those measure-
ments covered a Q-range of 0.005 to 0.146 Å−1, consuming 7 h of beam-time.
All V6 raw data were footprint corrected and normalized to time and incident beam intensity
[130].
A.3.2.3 FIGARO
FIGARO is a horizontal time-of-flight reflectometer at ILL (Institute Laue-Langevin, Greno-
ble, France). The reflectivity, measured with a white beam of wavelengths 2-20 Å at
fixed incident angles 0.824 ◦ and 2.2 ◦, respectively, covered a momentum transfer range
of 0.01 < Q < 0.2Å−1.The resolution ∆Q/Q, defined by chopper settings and slits, was in
the range of 5 - 6 %. Due to the higher neutron flux at ILL, one measurement in a Q-range of
0.01 to 0.21 Å−1 consumed only 2.5 h of beam time.
For conversion and reduction of the FIGARO time of flight data into R(Q) data sets the
COSMOS tool of the ILL data reduction software LAMP was used [131].
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A.4 Source code for analytical fitting within Motofit
# pragma r t G l o b a l s =1 / / Use g l o b a l a c c e s s method .
# i n c l u d e " MOTOFIT_all_at_once "
F u n c t i o n LC−DFT_brush_conv_dq ( c o e f s , r r , qq , dq ) : f i t f u n c
wave c o e f s , r r , qq , dq
/ / p a r a m e t e r s t h a t d e s c r i b e t h e p h y s i c a l sys tem
/ / c o e f s [ 0 ] = maximum b r u s h l e n g t h
/ / c o e f s [ 1 ] = box t h i c k n e s s
/ / c o e f s [ 2 ] = SLD s o l v e n t
/ / c o e f s [ 3 ] = background
/ / c o e f s [ 4 ] = t h i c k n e s s s u b l a y e r
/ / c o e f s [ 5 ] = SLD s u b l a y e r
/ / c o e f s [ 6 ] = r o u g h n e s s t o s i l i c o n
/ / c o e f s [ 7 ] = H0 [A]
/ / c o e f s [ 8 ] = g r a f t i n g d e n s i t y [ 1 / nm^2] <= n o r m a l i z a t i o n
/ / c o e f s [ 9 ] = V0 [A^3 ]
/ / c o e f s [ 1 0 ] = P [ b a r ]
/ / c o e f s [ 1 1 ] = T [ d e g r e e C]
/ / c o e f s [ 1 2 ] = monomer l e n g t h [A]
/ / c o e f s [ 1 3 ] = B2 [A^3 ]
/ / c o e f s [ 1 4 ] = B3 [A^6 ]
/ / c o e f s [ 1 5 ] = c o n v o l u t i o n r o u g h n e s s
/ / f i r s t t h e s e p a r a m e t e r s have t o be t r a n s l a t e d t o a l a y e r
model t h a t can be used t o c a l c u l a t e r e f l e c t i v i t y
v i r i a l b r u s h _ c o n v _ d q t o R e f ( c o e f s ) / / f u n c t i o n f o r
p a r a m e t e r c o n v e r s i o n
Wave W _ f o r R e f l e c t i v i t y / / p a r a m e t e r s f o r
l a y e r model
M o t o f i t _ s m e a r e d ( W _ f o r r e f l e c t i v i t y , RR, qq , dq ) / / c a l c u l a t i o n
o f t h e r e f l e c t i v i t y
End
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F u n c t i o n LC−DFT_brush_conv_dqtoRef ( c o e f s ) / / c o n v e r t s
t h e a n a l y t i c a l d e s c r i p t i o n p a r a m e t e r s i n t o box−model
p a r a m e t e r s t h a t can be used t o c a l c u l a t e t h e r e f l e c t i v i t y
Wave c o e f s
v a r i a b l e i n t _ c o n v _ l a y e r = round ( abs ( c o e f s [ 1 5 ] ) ∗5 / c o e f s
[ 1 ] ) / / needed f o r c o n v o l u t i o n o f t h e s u b l a y e r−b r u s h
i n t e r f a c e
v a r i a b l e b o x l a y e r s = c o e f s [ 0 ] / c o e f s [ 1 ] + i n t _ c o n v _ l a y e r
/ / number o f l a y e r s t o model t h e b r u s h
make / o / d / n =( b o x l a y e r s ∗4+10) W _ f o r R e f l e c t i v i t y
/ / i n i t i a l i z e l a y e r model p a r a m e t e r wave
/ / s e t f i r s t p a r a m e t e r s
W _ f o r R e f l e c t i v i t y [ 0 ] = b o x l a y e r s +1 / / number o f
l a y e r s
W _ f o r r e f l e c t i v i t y [ 1 ] = 1 / / n o r m a l i z a t i o n
W _ f o r r e f l e c t i v i t y [ 2 ] = 2 . 0 7 / / SLD t o p ( S i )
W _ f o r r e f l e c t i v i t y [ 3 ] = c o e f s [ 2 ] / / SLD bot tom (
s u b p h a s e )
W _ f o r r e f l e c t i v i t y [ 4 ] = c o e f s [ 3 ] / / background
W _ f o r r e f l e c t i v i t y [ 5 ] = 0 / / r o u g h n e s s t o
s u b p h a s e
/ / dPS l a y e r ( w i t h o u t c o n v o l u t e d a r e a )
W _ f o r r e f l e c t i v i t y [ 6 ] = c o e f s [ 4 ] − i n t _ c o n v _ l a y e r ∗ c o e f s [ 1 ]
W _ f o r r e f l e c t i v i t y [ 7 ] = c o e f s [ 5 ]
W _ f o r r e f l e c t i v i t y [ 8 ] = 0
W _ f o r r e f l e c t i v i t y [ 9 ] = c o e f s [ 6 ]
v a r i a b l e k=10
v a r i a b l e i =0
v a r i a b l e j =0
v a r i a b l e i n i t g d =0
/ / c a l c u l a t i o n s o f t h e a n a l y t i c a l volume f r a c t i o n p r o f i l e
a c c o r d i n g t o t h e f i t p a r a m e t e r s
/ / a s t h e r e i s no e x p l i c i t f u n c t i o n f o r t h e p r o f i l e , i t has t o
be s o l v e d s e l f−c o n s i s t e n t l y
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/ / t h a t i n c l u d e s f i n d i n g t h e r o o t f o r a g i v e n ph i0 and
s u b s e q u e n t n o r m a l i z a t i o n t o t h e g r a f t i n g d e n s i t y
/ / => s o l v e t h e i m p l i c i t e q u a t i o n s e l f−c o n s i s t e n t l y
make / o / d / n =( b o x l a y e r s ) phiy , p h i z
make / o / d / n=9 r o o t c o e f s
r o o t c o e f s [ 1 ] = c o e f s [ 7 ] / / H0
r o o t c o e f s [ 2 ] = 0 . 5 / / gd => ph i0
r o o t c o e f s [ 3 ] = c o e f s [ 9 ] / / v0
r o o t c o e f s [ 4 ] = c o e f s [ 1 0 ] / / P
r o o t c o e f s [ 5 ] = c o e f s [ 1 1 ] / / T
r o o t c o e f s [ 6 ] = c o e f s [ 1 2 ] / / vm
r o o t c o e f s [ 7 ] = c o e f s [ 1 3 ] / / B2
r o o t c o e f s [ 8 ] = c o e f s [ 1 4 ] / / B3
f o r ( i =0 ; i < b o x l a y e r s ; i = i +1)
p h i z [ i ] = i ∗ c o e f s [ 1 ] + c o e f s [ 1 ] / 2
e n d f o r
/ / s e l f c o n s i s t e n t i t e r a t i o n t o f i n d t h e r i g h t ph i0
do
i f ( j >100) / / b r e a k p o i n t f o r max i t e r a t i o n s s t e p s
p r i n t " b r e a k "
p r i n t i n i t g d
b r e a k
e n d i f
j +=1
i n i t g d =0
f o r ( i =0 ; i < b o x l a y e r s ; i = i +1)
r o o t c o e f s [ 0 ] = p h i z [ i ]
F indRoo t s / L=0 /H=1 /Q p h i r o o t , r o o t c o e f s
ph iy [ i ] = V_Root
i n i t g d += ph iy [ i ]∗ c o e f s [ 1 ] / ( c o e f s [ 1 2 ]∗1 1 3 ) ∗100
e n d f o r
/ / n o r m a l i z a t i o n wi th d e s i r e d g r a f t i n g d e n s i t y
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/ / f o r b e t t e r c o n v e r s i o n , t h e new ph i0 f o r t h e n e x t
i t e r a t i o n
/ / i s t h e mean v a l u e o f t h e o l d ph i0 v a l u e and t h e
n o r m a l i z e d v a l u e
r o o t c o e f s [ 2 ] ∗= 2∗ c o e f s [ 8 ] / ( i n i t g d + c o e f s [ 8 ] )
w h i l e ( abs ( i n i t g d−c o e f s [ 8 ] ) >0 .0001)
/ / f i n a l n o r m a l i z a t i o n
ph iy ∗= ( c o e f s [ 8 ] / i n i t g d )
/ / d e f i n e g a u s s i a n f u n c t i o n f o r c o n v o l u t i o n
k i l l w a v e s convgauss
make / o / d / n =(2∗ i n t _ c o n v _ l a y e r +1) convgaus s
i =0
convgauss =0
i f ( abs ( c o e f s [ 1 5 ] ) >0)
f o r ( i =0 ; i < i n t _ c o n v _ l a y e r +2; i +=1)
convgauss [ i ] = 1 / ( SQRT(2∗ PI ) ∗ abs ( c o e f s [ 1 5 ] ) ) ∗
exp ( −( ( i n t _ c o n v _ l a y e r−i ) ∗ c o e f s [ 1 ] ) ^ 2 / (2∗
abs ( c o e f s [ 1 5 ] ) ^2 ) )
convgauss [2∗ i n t _ c o n v _ l a y e r−i ] = 1 / ( SQRT(2∗ PI ) ∗ abs
( c o e f s [ 1 5 ] ) ) ∗ exp ( −( ( i n t _ c o n v _ l a y e r−i ) ∗
c o e f s [ 1 ] ) ^ 2 / (2∗ abs ( c o e f s [ 1 5 ] ) ^2 ) )
e n d f o r
e l s e
convgauss [ 0 ] = 1
e n d i f
v a r i a b l e n o r m a l i z e = sum ( convgauss )
convgauss /= n o r m a l i z e
/ / c a l c u l a t i o n o f c o n v o l u t e d b r u s h p r o f i l e ( convph iy )
make / o / d / n =( b o x l a y e r s ) convph iy
i =0
k=0
convph iy = 0
f o r ( i =0 ; i < b o x l a y e r s ; i +=1)
f o r ( k =0; k <2∗ i n t _ c o n v _ l a y e r +1; k +=1)
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i f ( ( i +k +1) >2∗ i n t _ c o n v _ l a y e r )
convph iy [ i ] += ph iy [ i−2∗ i n t _ c o n v _ l a y e r +k ]∗
convgauss [ k ]
e n d i f
e n d f o r
e n d f o r
/ / r e f l e c t i v i t y model p a r a m e t e r s f o r c o n v o l u t e d p a r t o f
s u b l a y e r
f o r ( k =10; k <(10+4∗ i n t _ c o n v _ l a y e r ) ; k=k +4)
W _ f o r r e f l e c t i v i t y [ k ] = c o e f s [ 1 ]
W _ f o r r e f l e c t i v i t y [ k +1] = (1− convph iy [ ( k−10) / 4 ] ) ∗ c o e f s
[ 5 ] + ( convph iy [ ( k−10) / 4 ] ) ∗0 . 8
W _ f o r r e f l e c t i v i t y [ k +2] = 0
W _ f o r r e f l e c t i v i t y [ k +3] = 0
e n d f o r
/ / r e f l e c t i v i t y model p a r a m e t e r s f o r t h e b r u s h
f o r ( k =(10+4∗ i n t _ c o n v _ l a y e r ) ; k < ( ( b o x l a y e r s ∗4) +10) ; k=k +4)
W _ f o r r e f l e c t i v i t y [ k ] = c o e f s [ 1 ]
W _ f o r r e f l e c t i v i t y [ k +1] = 0 . 8
W _ f o r r e f l e c t i v i t y [ k +2] = (1− convph iy [ ( k−10) / 4 ] ) ∗100
W _ f o r r e f l e c t i v i t y [ k +3] = 0
e n d f o r
End
f u n c t i o n p h i r o o t ( r o o t c o e f s , p h i )
/ / r o o t c o e f s [ 0 ] = z
/ / r o o t c o e f s [ 1 ] = c o e f s [ 7 ] / / H0
/ / r o o t c o e f s [ 2 ] = 0 . 5 / / gd => ph i0
/ / r o o t c o e f s [ 3 ] = c o e f s [ 9 ] / / v0
/ / r o o t c o e f s [ 4 ] = c o e f s [ 1 0 ] / / P
/ / r o o t c o e f s [ 5 ] = c o e f s [ 1 1 ] / / T
/ / r o o t c o e f s [ 6 ] = c o e f s [ 1 2 ] / / vm
/ / r o o t c o e f s [ 7 ] = c o e f s [ 1 3 ] / / B2
/ / r o o t c o e f s [ 8 ] = c o e f s [ 1 4 ] / / B3
A.4. Source code for analytical fitting within Motofit 113
wave r o o t c o e f s
v a r i a b l e p h i
/ / a n a l y t i c a l d e s c r i p t i o n :
v a r i a b l e b = 1 / ( ( r o o t c o e f s [ 5 ] + 2 7 3 . 1 5 ) ∗ 1.3806503∗10^−3 )
v a r i a b l e x = 2∗ r o o t c o e f s [ 7 ] + 2∗b∗ r o o t c o e f s [ 4 ]∗ r o o t c o e f s [ 3 ]∗
r o o t c o e f s [6 ]∗10^( −5)
r e t u r n p h i − r o o t c o e f s [ 2 ]∗ exp ( −( r o o t c o e f s [ 0 ] ^ 2 ) / r o o t c o e f s
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